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Preface
The Universe is composed of 22% non-baryonic dark matter and its na-
ture is one of the outstanding questions in modern astroparticle physics. The
existence of dark matter from the Big-Bang to the present-day is confirmed
by the various astrophysical observations including the recent Wilkinson Mi-
crowave Anisotropy Probe (WMAP) experiment of the cosmic microwave
background (CMB). The dark matter is considered to be a stable, neutral,
weakly and gravitational interacting massive particle (WIMP). In spite of
the fact that the Standard Model (SM) of particle physics is well established
by various experiments with an extreme accuracy, it could not provide any
viable candidate of dark matter. The supersymmetry (SUSY) theories pre-
dict the existence of relic particles from the Big-Bang. The lightest super-
symmetric particle (LSP) in the R-parity conserved SUSY models is a good
candidate for non-baryonic cold dark matter. Its signals have been actively
explored both in collider and in astrophysics experiments. Direct detec-
tion relies on observing the elastic scattering of neutralinos in a detector.
On the other hand, indirect detection depends on observing the annihila-
tion products from cosmic rays, such as neutrinos, positrons, antiprotons or
gamma rays. Present experiments are just reaching the required sensitivity
to discover or rule out some of the candidates, and major improvements are
planned over the coming years.
The Alpha Magnetic Spectrometer (AMS) is a high energy particle physics
experiment to be installed on the International Space Station (ISS) in 2009
for at least three years. One of the main physics motivations is the indirect
search for dark matter from cosmic rays. Neutralino annihilations could
produce positrons, antiprotons and gamma-rays as an additional primary
cosmic-ray (CR) sources. The observation of a deviation from a simple
power law spectrum would be a clear signal for dark matter annihilation.
A transition radiation detector (TRD) is a main component of the AMS-
02 detector and designed to separate positrons from the huge proton back-
ground with high efficiency. It is located on the top of the AMS-02 detec-
tor, and consists of 20 layers of straw modules, proportional counters using
Xe/CO2, interleaved with fleece radiators supported in a conical octagon
structure. Major technical challenges in the detector development and con-
struction arise from operating it in space environments with limited power
resources.
The main activity for this PhD thesis has been the development and
production of the front-end electronics of the TRD, contributions to the on-
line and monitoring software, and optimization of the TRD readout system.
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It includes a series of space qualification tests to ensure reliable operation
in space. For the AMS physics potential, CR spectra and composition are
investigated for beyond the Standard Model physics scenarios such as SUSY
models. Experimental CR spectra are compared with expected background
fluxes and the results have been interpreted in the framework of minimal su-
pergravity models after taking into account various constraints arising from
accelerator, astrophysical and cosmological data.
This thesis is organized as follows:
Chapter 1 presents an overview of the main scientific goals and the over-
all performance of the AMS-02 detector. The AMS-02 detector uses a
large superconducting magnet as its core and consists of a silicon mi-
crostrip tracker, a transition radiation detector (TRD), a time of flight
(ToF) with anti-coincidence counters (ACC), a ring image Cherenkov
counter (RICH) and an electromagnetic calorimeter (ECAL). Addi-
tionally, in this chapter, the key feature of each sub-detector and the
general DAQ scheme are described.
Chapter 2 is mainly dedicated to the main features of the TRD. It is fo-
cused on the development and construction of the front-end electronics
of the TRD. For use in space, qualification tests are carried out ac-
cording to NASA requirements. Its performance is demonstrated by
using a CR test stand in the laboratory and a beamtest at CERN.
Chapter 3 shows the CR fluxes expected near the Earth from CR sources.
The CR composition and energy spectra are fully calculated by using
a program of modeling CR propagation in the Galaxy and compared
with recently observed data sets. The observed positron, antiproton
and diffuse gamma-ray fluxes show a slight excess with respect to the
expectations.
Chapter 4 introduces some basic aspects of SM of particle physics and
SUSY models. In a specific minimal supergravity (mSUGRA) model,
the lightest neutralino can contribute to non baryonic dark matter
and only decay via pair annihilations after freeze-out in our Universe.
These annihilations can produce cosmic positrons, antiprotons and
gamma rays in the cascade decays of heavy quarks, leptons or gauge
bosons. The neutralino induced signals are scanned and calculated
by using a package of program tools. There are four regions in the
mSUGRA parameter space that are still compatible with the CMB and
accelerator constraints. These are the bulk region, τ˜ co-annihilation
region, the Higgs funnel region and the focus point region. For each re-
gion, neutralino induced positrons, antiprotons and gamma-ray signals
are calculated and added to the CR background fluxes. The minimiza-
tion of χ2 fit is carried out in all scenarios and shows the preference of
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the neutralino dark matter annihilations especially in the focus point
region. The best fit to the combined CR data might be considered as
a compelling evidence for the existence of a light neutralino weighing
80 and 130 GeV in the galactic halo or center.
Chapter 5 ends the thesis with some concluding remarks and an outlook.
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Chapter 1
AMS-02 Experiment
The Alpha Magnetic Spectrometer (AMS) [1] is a large acceptance cosmic-
ray (CR) spectrometer scheduled to be installed on the International Space
Station (ISS) in 2009 as shown in Fig. 1.1.
It will provide high statistics, long duration measurements of CR charged
particles, nuclei and high energy gamma rays. The high statistics measure-
ment of CRs in the magnetic rigidity (R=pc/Ze) range from 0.5 GV to 3 TV
will substantially improve our knowledge on acceleration and propagation
mechanisms of CRs in the galactic interstellar medium (ISM). The data will
also allow the indirect search for dark matter in the galactic halo, and the
direct search for heavy anti-nuclei with unprecedented accuracy.
1.1 AMS-02 Physics Program
The AMS-02 experiment is based on a superconducting magnet with large
acceptance and a maximum detectable rigidity (MDR) exceeding 3 TV (1
TV) for protons (He). It will determine CR spectra with a few orders
of magnitude better statistics at higher energies than the existing data.
The main physics motivations are focused on precise measurements of CRs,
indirect dark matter search and direct detection for heavy anti-matter in
space.
A precise measurement of the galactic CR rigidity in combination with
good particle identification gives a unique opportunity to investigate CR ori-
gins and develop more realistic acceleration and propagation models. Also,
the flux of CRs near the Earth varies with the solar cycle due to the effect
of solar winds. For this reason, long duration measurements of primary and
secondary CRs are essential for a better understanding of solar modulation.
The nature of dark matter and the origin of the baryon asymmetry are
two of the most important questions in physics. The standard model (SM)
of particle physics has been established well at the electroweak scale, but it
cannot explain the dark matter and baryon asymmetry in the Universe. This
2Figure 1.1: The AMS-02 Experiment on International Space Station (ISS).
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has motivated new theories beyond the SM, and one attractive extension of
the SM is supersymmetry (SUSY) [2], which introduces the space-time sym-
metry between fermions and bosons, and postulates new supersymmetric
particles for every SM particle. In most supersymmetric models, the light-
est neutralino is the lightest supersymmetric particle (LSP) and it is stable if
the R-parity (+1 for SM and -1 for SUSY particles) is conserved. This neu-
tralino LSP is an interesting dark matter candidate and it can only decay by
pair annihilations into SM particles like quarks, leptons and gauge bosons.
As secondaries positrons, antiprotons and gamma rays are produced. There-
fore measurements of cosmic positrons, antiprotons and gamma-ray spectra
in space might open a new windows for indirect dark matter searches. An
anomaly in the smooth power spectrum with respect to the standard back-
ground expectation could be interpreted as a contribution from dark matter
annihilation in the galactic halo or center.
Among other CRs, heavy anti-nuclei (Z ≥ 2) would imply the existence
of antimatter domains because they cannot be produced through nuclear
interactions of high energy CRs with the ISM. In spite of strong constraints
on the existence of antimatter domains from gamma-ray observations, the
detection of a single anti-helium nucleus would be a compelling evidence
for their existence. Any anti-carbon nucleus in the CRs would confirm the
existence of astrophysical objects in which anti-hydrogen and anti-helium
were processed to anti-carbon.
1.1.1 Precision Measurements of CRs
A precise measurement of primary CRs is important to calculate the sec-
ondary production of CRs which in turn provide valuable information on ac-
celeration and propagation mechanisms of CRs, and the distribution of the
matter, magnetic and radiation fields in the interstellar space. The chemical
composition and relative abundance of galactic CRs are interesting as they
may offer clues for understanding their origins. In fact, astrophysical infor-
mation on fluxes and compositions of the primary CRs can be altered due
to nuclear interactions with matter in the Earth’s atmosphere. However,
AMS-02 is a space experiment and therefore capable of measuring directly
the spectra of cosmic nuclei, electrons, positrons and gamma rays with large
acceptance for a long exposure time. AMS-02 will precisely determine the
fluxes of elemental abundances with charge separation up to Z = 26 in the
energy range from 100 MeV/nucleon to 1 TeV/nucleon.
The proton and helium nuclei are dominant CR components. The spec-
tral shapes of the proton and helium fluxes are sensitive indicators of the
process of particle acceleration and propagation in the interstellar space, and
their relative spectra can give significant constraints on the solar modulation
process. Fig. 1.2 shows the expected precision of the AMS-02 measurements
of the proton and helium fluxes respectively.
4Figure 1.2: Expected AMS-02 measurement of the proton flux after one
week (left) and helium flux after one month (right) respectively (statistical
errors are invisible) [1].
The relative abundance of primary cosmic nuclei and the dependence of
fluxes on time is not fully understood to date. This can be further investi-
gated by AMS-02 with a long term operation in space. These measurements
could continue up to 15 years even without the superconducting magnet.
Electrons constitute less than 2% in the galactic CR components, and
they are thought to be generated from nearby astrophysical sources be-
cause they cannot propagate over the long intergalactic distance due to
severe energy losses via synchrotron radiation, inverse Compton scattering
and bremsstrahlung. Therefore, measurements of electrons provide an ad-
ditional information about the physical conditions and the propagation of
CRs in the interstellar space which is not accessible from the study of CR
nuclei. Additional positrons are attributed to the decay of secondary parti-
cles, mostly pion decay, generated in hadronic interactions of CR nuclei in
the ISM. The observed positron fraction, (e+/(e+ + e−)), is less than 10%
at a few GeV. If positrons are purely secondaries, they can be used as an
effective probe of CR propagation through the Galaxy. Also, precise mea-
surements of electron and positron fluxes can be used to test charge sign
dependence of the solar modulation at lower energies.
The abundance of stable and radioactive secondary cosmic nuclei are
used to derive the energy dependence of the diffusion parameters and the
halo size which is model dependent in CR transport studies. Besides, the
derived source abundances could provide some clues to mechanisms and
sites of the CR acceleration. The measured ratio of stable secondary to
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primary CR fluxes (e.g., B/C) can be used to determine the CR path length.
AMS-02 will ultimately provide strong constraints on the composition and
homogeneity of the ISM transversed by CRs extended to higher energies
with improved statistics as shown in Fig. 1.3 (left).
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Figure 1.3: Expected AMS-02 measurement of the flux ratio of boron to
carbon nuclei in six months (left) and secondary isotopic ratio of beryllium
in one year (right) [1].
On the other hand, the measurement of the isotopic ratios of beryllium
(e.g., 10Be/9Be) provides constraints on the galactic halo size since the sec-
ondary isotope 10Be has a half-life of 1.6 × 106 years comparable to the
CR confinement time. The absence of 10Be would imply that the mean CR
residence time is in excess of 107 years, so that most of the 10Be isotopes
decayed during their propagation through the Galaxy. The AMS-02 detec-
tor is designed to resolve the 10Be with respect to stable 9Be up to around
10 GeV/nucleon as shown in Fig. 1.3 (right).
It should also be noted that the CR propagation models which involve
reacceleration in interstellar shocks, produce radioactive isotope ratios with
substantially different energy dependence compared with other models [3].
Therefore, the measurement of the isotope abundance of beryllium at higher
energies where uncertainties from solar modulation become small, would be
an important test of CR propagation models.
The AMS-02 detector can also measure high energetic gamma-rays from
a few tens to hundreds of GeV through either single photon detection or
conversion of gamma rays to an electron and positron pair during the passage
through the detector. The characteristic of the energy and angular resolution
in different photon detection modes are shown in Fig. 1.4. The onboard
Star Trackers will give galactic coordinates information on the direction and
6angle of the incoming gamma rays with an accuracy of better than a few
arcminutes. With a large acceptance and a large field of view, the AMS-02
experiment allows to study the galactic, extra-galactic and exotic gamma-
ray sources in detail.
Figure 1.4: Energy resolution (upper) and angular resolution (lower) in two
different photon detection modes of AMS-02. Around 100 GeV, energy and
angular resolution is 3% and 0.02◦ respectively [1].
1.1.2 Indirect Dark Matter Search
The recent data from the WMAP experiment [4] on the CMB anisotropies
has confirmed the existence of cold dark matter (CDM); ΩCDMh
2 = 0.113 +0.016−0.018.
However, the nature of the CDM still remains a mystery. Among the CDM
candidates, WIMPs are promising candidates since their thermal relic abun-
dances are naturally within the cosmological favoured range if they weight
less than 1 TeV [5]. In most supersymmetric models, the lightest neutralino
is a well studied candidate of WIMPs. It is a superposition of the super-
partners of the gauge and Higgs fields,
χ˜01 = N11B˜ +N12W˜
3 +N13H˜
0
1 +N14H˜
0
2 (1.1)
where B˜, W˜ 3, H˜1,2 are superpartners of U(1)Y and SU(2)L gauge bosons
and the Higgs bosons respectively. Great effort has been devoted to detect
the neutralino dark matter directly or indirectly. The direct detection ex-
periments are to measure the nuclear recoil energy which might be deposited
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by a neutralino when it crosses a detector. The detection rate depends on
the cross section for the elastic scattering of the neutralino with the tar-
get nuclei. To date, only the DAMA experiment has reported evidence for
the observation of dark matter [6]. This results has not been confirmed
by any other experiments [7]. On the other hand, the indirect detection
method relies on pair annihilation of neutralinos into standard model par-
ticles with significant cross sections through the decay of short lived heavy
leptons, quarks and gauge bosons. Various experiments are designed to ob-
serve the anomalous CRs such as high energy neutrinos from the Sun or
Earth, gamma rays from the galactic center, and positrons and antiprotons
from the galactic halo, which are produced by the neutralino annihilations.
Accurate measurements of cosmic antiprotons (or antideuterons) at the
low energy region, positrons and gamma rays at high energies with effi-
cient background rejection are necessary to search for primary contributions
from the neutralino annihilations. Most of the antiprotons are produced
as secondaries by high energy collisions of the primary CRs with the ISM.
Its flux has a unique spectral peak around 2 GeV due to the production
threshold and decreases sharply toward lower energies. That provides an
opportunity to test exotic contributions since the neutralino-induced com-
ponents do not drop as fast at low energies [8]. The flux of antideuterons
might be quite suppressed compared with antiprotons, but its signal could
be observable by AMS-02 below energies of 3 GeV/nucleon where secondary
antideuterons are absent. The recent BESS [9] balloon-borne experiment has
well measured the antiproton flux below a few GeV where the neutralino-
induced signal is expected to be detectable. But the experimental errors are
still too large to reach any final conclusion. The major uncertainties affect-
ing the neutralino-induced antiproton flux come from nuclear physics cross
sections, propagation parameters and the thickness of the diffuse halo size.
However, the AMS-02 experiment can take full advantages from the pre-
cise measurements of cosmic nuclei such as B/C and 10Be/9Be to constrain
the astrophysical parameters, and will disentangle the signal from the back-
ground with much higher statistics and reduced systematic uncertainties as
shown in Fig. 1.5 [10].
A subtle excess in the cosmic positron fraction above 5 GeV up to 50
GeV observed by HEAT [11], has stimulated numerous calculations and
interpretations with dark matter annihilations in the galactic halo. How-
ever, it needs a significant flux enhancement factor which could be explained
with clumpy dark matter since the flux is proportional to the square of the
dark matter density. The confirmation of this excess requires further sen-
sitive measurements with good proton background rejection power, higher
statistics and covering the wide energy range between 1 GeV and several
hundreds of GeV. AMS-02 will measure the cosmic positron spectrum with
unprecedented accuracy up to 300 GeV and considerably improve the search
for primary positron contributions from neutralino annihilations. Fig. 1.6
8Figure 1.5: Expected AMS-02 antiproton spectrum after 3 years data taking
[10].
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shows the anticipated AMS-02 measurement of the positron fraction in the
presence of neutralino annihilations in the galactic halo. The shape also de-
pends on the annihilation cross section and the degree of local inhomogeneity
in dark matter halo profiles.
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Figure 1.6: Expected precision of the positron fraction e+/(e+ + e−) as
measured by AMS-02 after one year [12]. The HEAT data are combined
measurements which were observed in 1994 and 1995.
High energy diffuse gamma-ray emission is produced primarily by CR
protons interacting with ISM via nucleon-nucleon processes, high energy
electron bremsstrahlung through interactions with the interstellar gas and
inverse Compton scattering with low energy photons. However, galactic or
extragalactic diffuse gamma rays could also be generated mainly from the
decay of pi0 mesons produced in jets from neutralino annihilations. Also,
there is a possibility of observing mono-energetic gamma-ray lines above
30 GeV from neutralino annihilations. The search for high energy gamma-
ray emission from the galactic center is also planned for AMS-02 using a
combination of tracker and calorimeter with good angular and energy reso-
lution. These indirect dark matter searches would complement accelerator
and direct detection experiments.
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1.1.3 Direct Search for Heavy Anti-Nuclei
Besides the dark matter problem, cosmic antimatter has escaped so far ex-
perimental detection. In the standard model of particle physics, the symme-
try between particle and antiparticle is exceedingly well established. How-
ever, the present Universe appears to be baryon asymmetric with a consider-
able excess of baryons over anti-baryons together with an extremely small ra-
tio of baryon to photon density (η ≡ nB/nγ) in the range of 3.4 ∼ 6.9×10−10
(95%) [13]. If the antimatter is not concentrated in regions which are be-
yond the sensitivity of current observations, the matter-antimatter asymme-
try could be dynamically generated in an expanding universe if the particle
interactions and the cosmological evolution fulfill Sakharov’s three condi-
tions [14]: baryon number violation, both C and CP violation, and devia-
tion from thermal equilibrium. CP violation is well established in the SM,
but the theoretical estimation shows that the CP violating phase in the
CKM matrix is not sufficient to generate the observed baryon asymmetry
and therefore other mechanisms have to be investigated. At present, there
are a number of viable scenarios for baryon asymmetry such as Grand Uni-
fied Theories (GUT) baryogenesis [15], electroweak baryogenesis [16] and
Affleck-Dine baryogenesis [17].
If there were domains of antimatter, anti-helium would be expected to be
the most abundant nucleus in cosmic radiation. The observation of antipro-
tons and positrons cannot provide unambiguous evidence for the existence
of antimatter because they are produced dominantly as secondaries in colli-
sions of galactic CRs with the ISM. Even if anti-helium exist, its detection
is difficult because of the extremely small flux and its annihilation during
propagation. So far, the observed data for heavy anti-nuclei (Z ≥ 2)
have provided no evidence for the presence of any antimatter in the Uni-
verse. However, it is not possible to exclude the presence of large amounts
of antimatter in the Universe provided that matter and antimatter are well
separated on sufficiently large scales [18]. AMS-02 will search for antimatter
in the primary cosmic radiation with a large geometrical acceptance and a
good rigidity resolution. In spite of difficulties in the observation, the anti-
matter search is worthwhile since the detection of cosmic anti-helium would
indicate the existence of antimatter domains and the discovery of a single
anti-carbon nuclei would provide evidence for the existence of anti-stars [19].
Fig. 1.7 shows the expected AMS-02 sensitivity to the anti-helium/helium
ratio compared with previous measurements including the AMS-01 result
[20].
The AMS-01 experiment obtained a total of 2.86 × 106 He events up
to a rigidity of 140 GV in 1998 and set an upper limit on the relative
antihelium to helium flux of 1.1× 10−6. The AMS-02 experiment will make
further improvements by several orders of magnitude in the sensitivity for
anti-helium.
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He/He
Figure 1.7: Measured rigidity times charge sign for events selected by AMS-
01 (1998) and expected events of AMS-02 after 3 years on ISS are shown
(left). The sensitivity of AMS-02 on the relative Anti-He/He ratio will be
improved by a factor of 103 compared with AMS-01 (right) [1].
1.2 AMS-02 Detector
The particle identification of CRs relies on precise measurements of the
rigidity, velocity, energy and electric charge. The AMS detector shown in
Fig. 1.8, uses a large superconducting magnet at its core and consists of
a large area Silicon Microstrip Tracker, a Transition Radiation Detector
(TRD), a Time of Flight (TOF) system with Anti-Coincidence Counters
(ACC), a Ring Image Cherenkov Counter (RICH) and an Electromagnetic
Calorimeter (ECAL). The detector has an overall dimension of 3× 3× 3 m3
and the weight is about 7 tons.
The TRD, TOF and Tracker have an acceptance of 0.5 m2 · sr, and the
combination of Tracker, TOF and RICH provides cosmic nuclei separation
up to Z = 26 (Fe) as shown in Fig. 1.9. The velocity is measured by TOF and
RICH independently. The hadron to positron rejection with TRD, Tracker
and ECAL is better than 105 up to 300 GeV.
1.2.1 Superconducting Magnet
The key feature of the detector is a superconducting magnet and its purpose
is to extend the measurable energy range of particles and nuclei to the multi-
TeV region with a high bending power BL2 of 0.862 Tm2. The magnet
consists of a pair of dipole coils generating the strong magnetic field and
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Figure 1.8: AMS-02 detector. (From http://ams.cern.ch/)
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Figure 1.9: Measurement of nuclear charge discrimination using heavy ion
beams [1].
two sets of six racetrack coils to minimize the stray field outside the magnet
and to avoid an undesirable torque on the ISS resulting from the interaction
with the Earth magnetic field as shown in Fig. 1.10. The magnet coils are
cooled to a temperature of 1.8 K by a heat exchanger of 2500 l of super
fluid helium stored in the surrounding vessel intended to be operated for
a projected time of 3 to 5 years without refill. This vessel and coils are
encased within a thin walled vacuum tank. The magnet will be charged
after installation on the ISS.
racetrack coils
dipole coils
B
Figure 1.10: The coil configuration of the AMS-02 superconducting magnet
and the completed coil assembly built by Space Cryomagnetic Ltd. (UK).
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1.2.2 Transition Radiation Detector
Transition Radiation (TR) is observed as X-rays when a charged particle
traverses the boundary between different dielectric materials for Lorentz
factors γ = E/m larger than 103. Therefore, a TRD is useful to separate the
positron (electron) events from the proton (antiproton) background. In the
AMS-02 experiment, cosmic positron (electron) can be identified by using a
TRD as a threshold device in the momentum range of 1 GeV/c ≤ p ≤ 300
GeV/c. The TRD is located at the top of the experiment stack above the
upper TOF. It consists of 20 layers of straw modules interleaved with 20 mm
fleece radiators supported in a conical octagon structure made of a carbon-
fibre-aluminium honeycomb sandwich. The octagon structure is supported
by an aluminium M shape structure (Fig. 1.11), which is mounted to the
USS-02 at four locations above the vacuum case. The upper four and lower
four layers are parallel to the magnetic field and the middle 12 layers are
perpendicular in order to provide 3D tracking of the charged particles in
CRs. The straw modules are filled with a Xe/CO2 (80/20) gas mixture.
The TRD will be described in detail in the next chapter.
R
B
R
B
R
B
R
B
Figure 1.11: The TRD Octagon on top of the superconducting magnet vac-
uum case (left) and gas supply system (right).
1.2.3 Silicon Microstrip Tracker
The Tracker is composed of 8 layers of double sided silicon micro-strip sen-
sors inside the superconducting magnet as shown in Fig. 1.12. The 2264
sensors are electrically grounded together in ladders, made of 7 to 15 sil-
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icon sensors for a total of 192 ladders and cover an active area of 6.6 m2
[21]. It measures the trajectory of the incoming charged particles and de-
termines the charge sign with a magnetic rigidity resolution of 20% for 0.5
TV protons. The sensors use capacitive charge coupling with implantation
(readout) strip pitches of 27.5 (110) µm for the p-side and 104 (208) µm
for the n-side. The finer p-side strips are used to measure the bending co-
ordinate and give a spatial resolution better than 10 µm. The Tracker also
resolves the nuclear charge up to Z = 26 by dE/dx measurements. A laser
alignment system using IR laser beams will be installed to ensure the long
term stability of the resolution with a position accuracy better than 4 µm.
Figure 1.12: AMS-02 Tracker.
1.2.4 Time of Flight and Anticoincidence Counter
The TOF system is working as the primary fast trigger and consists of four
layers of scintillator paddles, two layers between TRD and Tracker and two
layers below the Tracker as shown in Fig. 1.13. In order to minimize the
angle between the magnetic field and PMT axis, various bending light guides
are produced. Each paddle has two phototubes at each end and provides a
time resolution better than 130 ps to measure the particle velocity (β = v/c)
with resolution of 3 % for protons. Also, the TOF can separate the charge
of the cosmic nuclei up to Z = 16 via dE/dx measurements.
The ACC forms a cylindrical shell which is based on 16 slabs of rectan-
gular scintillators with PMTs at both ends around the inside of the magnet
bore, and surrounds the tracker system. It ensures that only particles pass-
ing cleanly through the entire detector are collected and rejects those CRs
which enter the detector through the side of the magnet.
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Figure 1.13: Upper and lower ToFs(left). The ACC system shows the barrel
of scintillator panels surrounding the Tracker and the connection of fibers
to PM boxes (right).
1.2.5 Ring Image Cherenkov Counter
The RICH measures the velocity of singly charged particles with a relative
uncertainty of 0.1% and contributes to the charge separation of nuclei up
to Z = 26 with tracker and TOF. Moreover, it will provide an additional
contribution to the electron/proton separation. For the isotope separation,
the RICH will cover a kinetic energy range from 0.5 GeV/nucleon up to
around 10 GeV/nucleon for A ≤ 10. A general view of the RICH is shown
in Fig. 1.14. It is a proximity focusing device with a dual solid radiator
configuration on the top and a matrix of 680 multi-pixel photon readout cells
at the bottom. The radiator is made of 80 rectangular blocks of 27 mm thick
aerogel tiles with a refractive index of 1.035, and 16 central blocks of 5 mm
thick sodium fluoride (NaF) tiles with a refractive index of 1.336 covering
an area of 34× 34 cm2. The NaF placement prevents the loss of photons in
the hole existing in the center of the readout plane (64×64 cm2), in front of
the ECAL. To prevent a large fraction of the Cherenkov photons escaping
through the lateral surface of the expansion volume, a conical reflector was
designed with a reflectivity higher than 85% [22].
1.2.6 Electromagnetic Calorimeter
The ECAL measures the deposited energy, direction of electrons, positrons
and gamma rays with an angular resolution around 1◦. The fine grained sam-
pling electromagnetic calorimeter consists of 9 super-layers along its depth.
Each super-layer is made of several 1 mm thick grooved lead foils inter-
leaved with layers of 1 mm diameter scintillating fibres (see Fig. 1.15). It is
able to image the shower developments in 3D and allows the discrimination
between hadronic and electromagnetic cascades. The calorimeter has alter-
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Figure 1.14: Schematic view of the RICH detector and its components.
nating four super-layers along x-direction transverse to the magnetic field
and five super-layers along y-direction parallel to the magnetic field [23].
The measured energy resolution is parameterized by [24]
σE/E = (10.2 ± 0.3%)/
√
E(GeV ) ⊕ (2.31 ± 0.05%) , (1.2)
and the thickness is corresponding to 16.4 radiation lengths (X0).
1.2.7 Star Trackers and GPS
A pair of CCD based Star Trackers and an onboard GPS unit provide precise
information on the orientation of the detector and the absolute event time
to locate CRs sources and correlate events with other experiments.
1.2.8 Electronics and DAQ
The readout electronics is based on particle physics technology for space op-
erations. It demands an electrical interface provided by the ISS and requires
severe space qualification tests to ensure a safe operation with limited power
and weight. The AMS-02 experiment has three electrical interfaces with the
ISS: Power, the Low Rate Data Link (LRDL) and the High Rate Data Link
(HRDL). An allocation of less than 3 KW is provided from the ISS solar
arrays to AMS at 120 VDC with stringent electromagnetic compatibility
(EMC) requirements. The LRDR is based on the MIL-STD-1553B dual
serial bus and used by AMS for commanding and monitoring. The HRDL
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Figure 1.15: Cross section of lead-fiber-glue composite structure suprlayer
(left upper). Assembly of the three superlayers (left lower) and after me-
chanical assembly (right).
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Figure 1.16: One of AMS-02 Star Trackers.
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runs over fiber optic cables at 125 MBaud based on an ISS specific imple-
mentation of the TAXI1 protocol. This data stream consists of the event
data and a copy of the monitoring data. Within the ISS, the AMS Crew
Operation Post (ACOP) computer records all the data on hard disks. The
downlink of all AMS data is performed on the Ku-band via TDRS2 satellites
to the ground through NASA centers and the Internet to the AMS-02 Pay-
load Operations and Control Center (POCC) in real time. AMS is allocated
an orbital average of 2Mbit/s downlink. To allow the contingency loading
of software into the experiment and as a backup command path data can
be transmitted over the HRDL from ACOP to AMS [25].
Almost 300,000 electronic channels are read out in parallel by 600 mi-
croprocessors which reduce the 7 GBit/s peak data rate to 2 MBit/s for
downlink at normal event rates of 2 kHz. New set of electronics were de-
signed and qualified for use in space because the existing electronics certified
to operate in orbit cannot meet the AMS-02 requirements. Careful research
was done to build high speed, low power consumption redundant circuits.
The radiation hardness was ensured with a series of beam tests. Fig. 1.17
shows a unified DAQ chain of AMS-02 [26].
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Figure 1.17: AMS-02 custom/common readout units. The system is com-
prised with data processing and software, monitoring and control, and power
supply components.
Analog signals from each subdetector enter the shapers of custom Ap-
plication Specific Integrated Circuit (ASIC). Signals from the TOF, ACC
and ECAL are split off the trigger system. The trigger holds the shaped
signals, which are then sequentially read out and digitized near the detector
elements. The digitized data are sent into a Common Digital Part (CDP)
1Transparent Asynchronous Xmitter-receiver Interface
2Tracking and Data Relay Satellite
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and the electronics is ready to receive the next trigger within 90 µs. Asyn-
chronously, the data is heavily reduced in a digital signal processor (DSP)
and buffered into the output memories. This DSP output is transfered to
the global DAQ via a serial link. To ensure no further dead time in the DAQ
chain, a point to point serial link protocol (AMSWire) was developed with
very low latency, net data transfer rates of 10 Mbyte/s, and low power con-
sumption. On request from an intermediate DAQ node (JINF), the data for
an event from 6 to 24 subdetector DAQ modules is returned, collected, and
buffered in a command disributor and data concentrator (CDDC) circuit.
Similarly, the next layer receives all the data from an event and passes it into
the top level DAQ node (JINJ) within the main DAQ computer (JMDC).
The JMDC receives the complete event and analyses it to ensure that it
might contain interesting physics and also to monitor the detector perfor-
mance. For redundancy, the nodes and links are replicated at each level,
with the active nodes and links selectable by command. Also, a similar
common approach is implemented in the slow control and power conversion
systems. Within the main DAQ computer, a more precise analysis (Level-3)
of the event allows only the interesting events to be kept for buffering, for-
matting according to ISS requirements, and downlinking and recording via
HRDL.
Chapter 2
Space Qualification of the
AMS-02 Transition
Radiation Detector
The transition radiation detector is a key component in the AMS-02 exper-
iment for particle identification.
2.1 General Aspects of the Transition Radiation
Detector
For nearly 30 years, the transition radiation technique has been developed
for a variety of measurements in astroparticle physics [27]. It has been
applied to muon detection at sea level and underground. Moreover, TRDs
have been used to measure CR electrons, positrons, and highly relativistic
heavy nuclei with balloon instruments at high altitudes and on the Space
Shuttle.
Transition radiation was originally predicted by Ginzburg and Frank in
1946 [28] and observed by Goldsmith and Jelly in 1959 [29]. Transition radi-
ation is generated when a relativistic charged particle traverses a boundary
between two media with different dielectric properties. The charged particle
and its mirror charge form an electric dipole, whose electric field strength
varies in time with the moving particle. The field strength vanishes when
the particle enters the medium and transition radiation is emitted [30]. The
radiated photons are in the soft x-ray range between 1 and 100 keV emitted
along the particle direction for the relativistic factor γ > 103.
However, the probability of emitting TR photons per boundary crossing
is in the order of fine structure constant α = 1/137, practical detectors use
radiators with several hundred interfaces like foils or fibers made of low-Z
materials such as polypropylene in a gas [27].
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A classical TRD is composed of several similar modules, each consisting
of a radiator and an X-ray detector. A TR x-ray detector is usually a
proportional gas chamber operated with a low density gas with high atomic
number, such as Ar, Kr or Xe in order to efficiently absorb X-rays. Among
these gases, Xe is favored because of its high absorption/ionization ratio and
desirable fluorescence properties.
TRDs have been used in accelerator and space experiments for parti-
cle identification (e.g., lepton/hadron discrimination) because the detectors
are typically thin with low density and also non-destructive to the primary
incident particles [27].
2.2 AMS-02 Transition Radiation Detector
The AMS-02 TRD is designed to provide positron (or antiproton) separation
from proton (or electron) background with high efficiency in the momentum
range of 1 GeV/c ≤ p ≤ 300 GeV/c. This is accomplished by detecting
TR photons emitted by electrons and positrons when they pass through a
radiator. The TRD consists of 20 layers of straw modules interleaved with 20
mm fleece radiators supported in a conical octagon support structure. The
radiator is made of 10µm polypropylene/polyethylene fiber fleece with a
density of 0.06 g/cm3. It is designed to keep the radiation length as small as
possible to minimize small angle scattering, bremsstrahlung, and showering
of the incident charged cosmic rays. The upper four and lower four layers are
parallel to the magnetic field, and the middle 12 layers are perpendicular in
order to provide 3D tracking of the cosmic charged particles. The gas system
stores 49.5 kg (9340 l at 1 bar) Xe and 4.5 kg (2530 l at 1 bar) CO2, filters,
mixes, re-circulates, and purges a daily supply of Xe : CO2 gas mixture for
three years. Based on long term laboratory operation of straw modules in
vacuum environments, the quantity of gas ensures that the lifetime of the
TRD can be extended to 20 years if only diffusion losses are refilled.
The TRD is now under final integration at the RWTH-Aachen after
extensive R&D to ensure the reliability and stable operation of the TRD in
space. The DAQ electronics and power systems are developed and produced
by TU-Karlsruhe, Chung Shan Institute of Science and Technology (CSIST)
and Kyungpook National University. The gas system is being built by MIT
with electronics from INFN-Roma 1.
2.2.1 Mechanical Structure
The detector is comprised of 328 straw modules arranged in a conical oc-
tagon made of carbon-fiber-aluminimum honeycomb structure as illustrated
in Fig 2.1.
The octagon frame is the main support structure for radiators and straw
modules, and it is manufactured with a precision better than 100 µm to keep
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Figure 2.1: The octagon wall structure is made of carbon-fiber-aluminimum
honeycomb and bulkheads are installed inside for the mechanical stability.
gas gain homogeneity better than 2 % for all readout channels. It consists
of eight side panels with a thickness of 30 mm, a lower honeycomb support
plate and upper honeycomb plate. The size of the octagon structure is 2.3 m
width × 2.3 m length × 0.6 m height and the combined weight is 330.4 kg.
Inside the octagon structure, all 328 straw modules are further supported
by four 3 mm thick carbon fibre (CF) bulkheads. On the outside of the
octagon walls, a CF grid structure will be attached to support the services
such as gas lines, high voltage and signal cables.
Each straw module is composed of 16 single straw tubes with a diameter
of 6 mm and a wall thickness of 72 µm. The length varies from 0.8 m to
2.0 m. Additionally, longitudinal and transversal stiffeners are used for the
mechanical stability as illustrated in Fig 2.2 [31].
Structural analysis
A coupled load analysis of the entire TRD strucutre has been carried out
by means of a Finite Element Analysis. A Finite Element Analysis was
performed to predict the TRD static behavior in terms of displacement,
stress and reactions at structure interfaces under critical load conditions
that primarily occur during launch and landing. A modal analysis was
carried out to verify that the first eigenfrequency is above 50 Hz to avoid
coupling with the worst-case vibration environments of the Space Shuttle.
As the result of the modal analysis, the first eigenfrequency turns out to be
54 Hz, above the required 50 Hz.
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Figure 2.2: The straw module is composed of 16 single straw tubes and
its mechanical structure is re-enforced by longitudinal and transveral CF
stiffeners [31].
2.2.2 Module Production and Quality Control
A straw tube is made of two overlapping kapton strips covered with alu-
minium and graphite on one side and polyurethane on the backside, and
wound back-to-back and then heat sealed to form a straw tube of 6 mm
in diameter. Sixteen straws are glued together to build a module with six
longitudinal CF stiffeners running along the straws and additional CF strips
running across the module every 10 cm to assure mechanical stability and
rigidity to withstand critical launch loads. A straw module is closed with
two polycarbonate endpieces, which provide the gas inlet and outlet (see
Fig. 2.3), and hold the 30 µm gold-plated tungsten wires with 1 N tension.
The gas tightness of the straw modules is the most critical design is-
sue. This was achieved by testing each of the 5248 straw tubes individually
before producing a module. The detailed description of the straw module
production can be found in Ref. [32]. All flight straw modules have been
produced following specific production procedures [33].
The homogeneity of the gas gain is measured by using an 55Fe gamma-ray
source and its results are shown in Fig 2.4.
2.2.3 Gas Supply System
The TRD gas system can be divided into Box S, Box C and 41 gas loops,
and the general layout of the AMS-02 TRD gas system is shown in Fig 2.5.
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(a)
(b)
(c) (d)
(e)
Figure 2.3: (a) A TRD straw module, (b,d) the straw wall is composed of
kapton strips covered with thin aluminium, carbon polymide on one side and
polyurethane on the other side. (b) These strips are sealed and wound back-
to-back by heat. (e) 16 straws are glued with two polycarbonate endpieces
for gas supply and signal readout [31].
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Figure 2.4: The gas gain is measured with an 55Fe (5.9 keV) source and its
variation for each module is summed after production of 328 straw modules
and intergation into the TRD octagon structure.
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Figure 2.5: General layout of the AMS-02 TRD gas system. The pressure
is indicated at 25oC.
Two storage vessels store the Xe (9340 l) and CO2 (2350 l) separately
in Box S with sufficient gas for three years operation with a safety factor of
eight. Two mixing circuits convey the gases to the mixing vessel where the
4:1 (Xe:CO2) mixture is made using partial pressures. Leak-before-burst
vessels ensure safety in the event of high temperature causing over pressure
in the vessels during a time when gas cannot be vented, such as when the
system has no electrical power. A system of valves allows then the transfer
of the gas (∼1 liter) from the mixing vessel to Box C. In Box C, two pumps
circulate the gas through the TRD volume in order to keep the gas mixed
and allow the CO2 sensor and gain monitor tubes to measure the properties
of the gas. The pumps and CO2 sensors are mounted inside a gas tight
vessel to prevent malfunction of the pressure system in case of a pump or
valve failure. A CO2 sensor is used to correct the gas mixture because
CO2 diffuses faster through the straw walls than Xe. The performance of
the TRD requires the knowledge of the CO2 concentration to better than
1% [33]. Manifolds distribute the gas to the 5248 proportional wire tubes,
which are arranged in 41 parallel segments. Each manifold segment in the
TRD has two valves and one pressure sensor at each end. If there exists a
serious leakage along the gas tubes, the pressure sensors will detect it and
the relevant valves will isolate any leaking segments [34].
The Xe and CO2 tanks are spherical composite wound metal shells,
roughly 39 cm and 31.5 cm in diameter weighting about 49.5 kg and 4.5
kg respectively. The tanks are fixed to Box S via a polar mounting; they
are supported by boxes cradled in brackets on both sides. One of the boxes
is completely restrained and the other is allowed freedom to slide axially,
allowing the tank to expand thermally and avoiding radial loads [35]. Box S
and C are mounted behind a debris shield on the Unique Support Structure
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(USS) on the wake side of AMS as shown in Fig 2.6. The manifolds are
Figure 2.6: Location of the TRD gas system elements.
mounted on the upper parts of the ram and wake sides of the TRD octagon,
inside its thermal enclosure. To keep the solenoid valves in Boxes S and
C above 5◦C, the assembly is enclosed in the Multilayer Insulation (MLI)
and the valve blocks are fitted with heaters. Heaters are also mounted on
the gas tanks to keep them above the critical temperatures of Xe (7◦C) and
CO2 (31
◦C), so that the amount of gas remaining can be measured by the
pressure.
2.3 Data Acquisition System and Front-End Elec-
tronics
The TRD readout system is divided into the 82 Front-End boards, two pairs
of U-Crate electronics and Power Distribution boxes as shown in Fig. 2.7.
The Front End part covers the UHVD (HV Distribution), UTE (Tube
End) and UFE (Front-End Electroncis) boards. This UFE provides digiti-
zation for the detector signals. The crate electronics consists of the UDR2
(Data Reduction), UPSFE (Power Supply for Front End), UHVG (High
Voltage Generator), JINF (High Rate Interface) boards and UBP (Back-
plane). The function of UDR2 is to reduce and compress the digitized
data from the UFEs. The JINF distributes trigger and timing signals to
the UDR2 in the same crate. The power distribution system is based on
DC/DC converters.
A set of four straw modules is a basic unit of the TRD readout and
64 input signals are connected to a single UFE. The UFE has 64 channel
amplifiers, analog to digital converters (12bit ADC) and it is equipped with
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Figure 2.7: The DAQ is devided into the front-end, the crates electronics
and the power distribution.
calibration, hybrid control and logic circuits. There are four different types
of UFE with respect to the fixation at the octagon walls as shown in Fig. 2.8.
The UFE is based on two custom VA hybrid chips where signals from
each straw tube are shaped and amplified. The VA chip is a 32 channel
charge sensitive preamplifier-shaper circuit with low noise, low power con-
sumption and a high dynamic range. This circuit also offer simultaneous
sampling and holding, multiplexing analog readout and calibration. The
calibration signal is applied by an external capacitor to each channel via a
32-bit shift register. As shown in Fig. 2.10, 32 pad inputs can be connected
to a detector from where the charge signal comes, the output of all ampli-
fiers enters the corresponding inputs of a 32 channel multiplexer (mux). The
switches in the mux are controlled by a bit-register which runs in parallel
and the output of the mux goes directly out of the chip via the output buffer
(signal = outp - outm). Only one of the switches in the mux can be read
out at a time.
Readout Sequence
When an interesting event occurs, a Level-1 (LV1) trigger signal is generated
from the TOF, ACC and ECAL detectors which are continuously monitored.
This LV1 signal is distributed to all UFEs via JINF and UDR2. After 2.4 µs
for signal shaping time, each UFE starts digitizing the charge signals. Then,
the set of digitized data are collected and buffered by the UDR2. However,
30
Figure 2.8: View of four different types of the front-end electronics (UFE)
boards. Each type is classified by a fixation angle on the octagon and the
layout of a circuit (upper). The lower figure shows the side view of the
octagon walls after integrating all flight UFEs with straw modules via blue
flexible cables.
2.3 Data Acquisition System and Front-End Electronics 31
32
 ce
ll 
bi
t−
re
gi
ste
r
shaper
shaper
shaper
shaper
shaper S & H
S & H
S & H
S & H
S & H
Hold
Sh
ift
_i
n_
b
CL
KTe
st_
on
outp
outm
Sample & HoldPreamppad
1
3
2
31
32
CAL
Signal = outp − outm
32
 C
ha
nn
el 
Al
alo
g M
ul
tip
lex
er
32
 ce
ll 
bi
t−
re
gi
ste
r
32
 C
ha
nn
el 
Al
alo
g M
ul
tip
lex
er
Figure 2.9: The architecture of VA hybrid chips. A chip consists of 32
identical parallel charge sensitive preamplifiers and two chips are combined
in a UFE.
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Figure 2.10: Schematic diagram of a UFE and the control and logic signals
generated from a hybrid control circuit
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this collection and buffering is not instaneous and each CDP (Common
Digital Part) has a finite buffering capacity, so at any given instant the CDP
may be unable to commence data collection. To ensure that the information
for each event is collected from the complete detector, a system of BUSY
signals is used. After the data has been buffered, it is processed by the CDP
of the UDR2 and made available for collection by the JINF to be transfered
to the upper DAQ nodes [36]. In case of the TRD, a single event can be
readout within 80µs after the LV1 signal as shown in Fig. 2.11.
Line of physics event
Hold_b
Shift_in_b
CLK
Reset
CS_b
SCLK
1.2 us
# 1 # 2 # 3 #64
935 ns
1.2 us 200 ns
1 2 3 4 5 .....     16
# 4 ......
2.4 us 78.5 us
4 Leading zeros + conversion results(12 bit)
Figure 2.11: The readout sequence of a UFE.
Average Power of UFE
The average power of a single UFE is calculated in case of standby mode and
single event mode. The standby mode is a status of the UFE before getting
trigger signal or after a reset signal, and the single event mode is a status of
reading events sequentially and holding process during 80µs. For each mode,
four different currents (± 2VA or ± 2VD) are measured simultaneously. The
power dissipation of a single UFE is 190 mW (3 mW/channel) and 230 mW
(3.6 mW/channel) for standby and single event mode respectively and the
total average power of 82 UFEs can be calculated as
Average Power =
(80µs× P0) + (1/Trigger − 80µs)× P1
1/Trigger
(2.1)
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where P0 = 16.12 ± 0.22 W, P1 = 19.14 ± 0.48 W. At normal 2 kHz, the
total power consumption ranges around 16.60 W as shown in Fig. 2.12.
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Figure 2.12: The average total power consumption of UFEs.
Pedestal and Noise of the UFE
The basic parameters of the UFE are the dynamic range and noise perfor-
mance. The pedestal and noise measurements have been done with 1 kHz
random triggers and any pedestal variation will contribute the overall noise
performance. Fig. 2.13 shows typical pedestal and noise distributions of
one UFE. Each pedestal positions above 100 ADC counts to ensure stable
operationg at various temperatures (see Fig. 2.31).
Noise measurements give a rms-noise (or common mode corrected) below
2 ADC counts which corresponds to an equivalent noise charge (ENC) of
4000 e−. The RMS spread of the noise with common-mode noise subtracted
is in the order of 3%.
The UFE flight modules have been produced and passed a series of space
qualification tests. The final 82 flight modules out of 101 produced boards
are classified according to the following selection criteria.
  Pedestal Distribution at 25◦C :
– pedestal minimum > 50 ADC counts
– pedestal maximum < 800 ADC counts
  Noise Distribution at 25◦C :
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Figure 2.13: Pedestal and noise distributions of one UFE.
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– Mean of noise / UFE < 1.7 ADC counts
– RMS spread / UFE < 4 %
As shown in Fig. 2.14, the pedestal mean of 5248 (82 UFEs × 64 chan-
nels/UFE) channels is 372 ADC counts with a few channels over 700 ADC
counts. The overall RMS spread of all channels is 4 %.
Gain of the UFE
The calibration pulse is generated from an eight bit serial DAC and analog
switch to shape the output of the DAC. The slope of the injected charge
is set to 15.09 ± 0.1201 [fC/DAC] and fed up to 2000 fC to measure the
gain per each channel. The gain is measured up to 1500 fC with a linear
fit and its saturation starts above 1800 fC as shown in Fig. 2.15. The gain
variations across two different VA chips are too small to be identified. Also,
the gain uniformity between channels of the same chip is of the order of less
than 1% while the chip to chip variation is of the order of a few %.
The gain is represented numerically as the third order polynominal:
G = a0 + a1Q + a2Q
2 + a3Q
3, (2.2)
where G is the gain and Q is the injected charge. The nonlinearity is ex-
tracted as a second order coefficient (a2) of the Eq. (2.2).
Fig. 2.16 shows the gain variation of all selected good chips and a com-
bination of a pair of chips for UFE production. The RMS spread of all good
chips is within 3.7 % and that of the produced flight modules is within 3.3
%.
Fig 2.17 shows gain and nonlinearity distributions of all TRD readout
channels. An overall 3 % difference of the gain could be explained by the
tolerance of the calibration capacitors and the negligible peaking time of
every single chip. The following selection criteria are also applied to verify
flight modules of UFE.
  Gain Distribution at 25◦C :
– 1.8 ADC/fC < gain / channel < 2.3 ADC/fC
– gain uniformity / UFE < 3.5 %
– gain nonlinearity / channel < 1.10−3
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Figure 2.17: The gain distribution of the final 82 UFE Flight Modules after
a series of space qualification tests. The RMS spread of the gain is about
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2.4 Space Qualification Tests
To make sure that the TRD will operate as designed throughout a variety of
environmental conditions during space shuttle launch/landing and in oribit
on the ISS, the readout system underwent a series of tests known as elec-
tromagnetic emission/compatibility, vibration and thermal vacuum tests.
All of these space qualification tests were performed to replicate the space
environments in which the TRD will be operated.
2.4.1 Electromagnetic Interference and Electromagnetic Com-
patibility Test
To promote awareness of the potential problems stemming from electromag-
netic interference with ISS, an electromagnetic interference and electromag-
netic compatibility (EMI/EMC) test was conducted according to NASA re-
quirements specified by SSP30237[37]. For an EMI test, four straw modules
are enclosed in an octagon-like housing made of the same materials, fixa-
tions and module support structure corresponding to the 90◦ region of the
TRD. To accommodate real operating environment, the housing structure is
covered with a blanket of MLI, which protects the TRD from temperature
extremes. Four straw modules are connected to a UFE for readout, and the
noise is monitored with respect to the different configuations of the EMI
emitters as shown in Fig. 2.18. The electromagnetic waves are selectable
horizontal or vertical polarizations, and the frequency ranges between 10
kHz and 1 GHz. The amplitude of the electric field is adjusted from 5 up
to 100 V/m depending on the frequency.
In Fig. 2.19, the first plot (upper) shows the noise responding to vertically
polarized waves with a fixed amplitude of 5 V/m, and the second is measured
at a high frequency range for a fixed amplitude of 70 V/m using both vertical
and horizontal polarizations respectively. The third is focused on the mid
frequency range, and the fourth and fifth correspond to a sweeping frequency
from 14 kHz to 1 GHz. In every configuration, the noise of the detector
shows a stable behaviour. The observed induced EM emission from the
TRD readout system is also detected by an antenna sensitive between 3 and
30 MHz. As shown in Fig. 2.20, the induced signal is identified as coming
from the readout cable of the UFE and reduced with appropriate shielding.
After shielding the cable with Cu 95% and aluminized kapton foil braid, the
emission peaks are removed completely.
2.4.2 Mechanical Vibration Test
After thermal stress testing and before protective conformal coating, every
flight UFE undergoes a mechanical vibration test which is a series of sine,
random and sine vibration. This test demonstrates that the UFE is able to
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EMI Emitter
E · Field Sensor
Octagon-like Housing & MLI
Figure 2.18: EMI/EMC test setup. The detector is wrapped with MLI and
read out with different configuration.
work during a typical spacecraft launch environment and survive with no
structural damage or functional degradation.
The vibration exciter operates parallel or perpendicular to the vibrating
target in the frequency range of 10 Hz to 2000 Hz, and the passive extension
displacer serves for mounting UFEs in 3D orientations as shown in Fig. 2.21.
The sine sweep is executed at constant 0.5 g acceleration with varying fre-
quency of 1 to 2000 Hz, and the random sweep follows under acceleration
of 6.8 gRMS , severe peak vibration level of 0.06 g
2/Hz between 80 and 500
Hz, for 3 minutes. This random vibration levels are chosen according to the
maximum anticipated launch vibration conditions. Then, the sine sweep
follows again to confirm the same natural frequency after random vibration.
These vibration cycles are done for each direction, and the electronics must
pass the functional tests without any failure.
As a result of these vibration tests, Fig. 2.22 and Fig. 2.23 show the
pedestal position and the noise performance before and after the severe
random vibration test. The noise distribution of each UFE confirms no
mechanical damage and functional degradation. This testing was conducted
on each produced UFE and all UFEs were passed without any failure.
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Figure 2.20: Electromagnetic emission from the TRD system. The peak
thin-line (red) around 10 MHz shows the original emission and the bottom
thin-line (black) shows after shielding the readout cable. The middle thick-
line (green) indicates the acceptable limit line of single readout unit and the
upper thick-line(blue) shows the limits of the full TRD system.
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Figure 2.21: Mechanical vibration test setup at RWTH-Aachen (upper),
and its characteristics of sine and random sweeps (lower). The first and
the last sine vibration shows an unchanged distinct resonance close to the
eigenfrequency of the target body of about 715 Hz.
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Figure 2.22: Pedestal and noise performance before and after random vi-
bration. For comparision, each type of UFE is shown (45M: upper and 45S:
lower).
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Figure 2.23: As in Fig. 2.22, but for 90◦ type UFEs (90M: upper and 90S:
lower).
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2.4.3 Local Discharge Test (Corona)
The local discharge, so called corona, is a type of localized discharge resulting
from transient gaseous ionization in an insulation system when the voltage
stress exceeds a critical value.
To ensure that all power components including connectors and cables,
and their insulation materials are absent of corona discharge, numerous tests
are performed in the thermal vacuum chamber. Fig. 2.24 shows a brief
high voltage circuit diagram from the UHVG to the wire of each straw
tube. The generated high voltage from the UHVG is fed into four UTEs
via an intermediate UHVD board. A single straw tube is represented by a
capacitor and the high voltage is applied to each single tube through a bias
resistor from the UHVD. A filter capacitor passes the current fluctuations
to the ground since the bias resistor effectively shunts the input. The signal
is coupled to the UFE through a blocking capacitor for pre-amplification,
shaping and digitization.
   
  
Straw Tube 
Preamplifier & Shaper 
(16 Ch.)
Bias Resistor 
TRD Tube End (UTE) 
High Voltage
ADC(12bit)
4 UTEs  
Filter Capacitor 
HV cables : Reynold P/N 178−5139
and Hysol−934
Potting : Dexter(EE4215 and HD3561) compound
Conformal Coating 
HV plugs/receptacles : Reynold P/N 167−3306
Front End Board (UFE) 
High Voltage Distribution (UHVD)
Figure 2.24: High Voltage distribution from UHVG to each straw tube via
UHVD, UTE with cables and connectors.
This corona test was performed using a thermal vacuum chamber. The
high voltage was fed into each component as shown in Fig. 2.25. As the
air pressure was reduced to 10 mbar from ambient pressure, a sudden high
voltage drop and current pulses were observed from UTE boards. Its high
voltage breakdown was measured as a function of pressure. The result fol-
lows the well known Paschen’s curve [38] as shown in Fig. 2.26 (right). The
discharge voltage decreases with pressure to a minimum value, because the
mean free path between collisions increases, allowing for a greater kinetic
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Figure 2.25: Corona test components: (a) Reynolds2 high voltage cable and
connector, (b) one side is potted with solithane inside the vacuum flange, (c)
UHVD board after epoxy potting, and (d) UTE board after epoxy potting.
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energy to develop. Then, the curve increases from the minimum due to a
lack of mediating gas atoms to be ionized.
The sustainable high voltage breakdown could be explained by an imper-
fect insulating screen between the bias resistors or capacitors and the sur-
rounding ground electrodes. After partially shielding the UTEs with kapton,
an high voltage breakdown was not observed above 1600 V any more. Com-
bined TRD four straw modules equipped with a UFE and complete single
high voltage distribution system were tested in the thermal vacuum cham-
ber under a constant gas flow and temperature as shown in Fig. 2.27. The
high voltage and the current were measured every second while changing
the pressure slowly from atmospheric pressure to high vacuum or reversely
from high vacuum to atmospheric pressure. During both operations, the
high voltage and the current are stable without any voltage drop or current
pulse.
2.4.4 Conformal Coating
Conformal coating is defined as a thin polymeric layer which conforms to
the topography of the PCB and its components. It acts as an insulator,
protecting the circuitry and components against shorts and contacts with
moisture and other contaminants. It also provides mechanical protection
from vibration and thermal shock. The surface of the boards is kept clean
from contaminations such as moisture, oil, grease and fingerprints. All FM
of UFEs are processed with conformal coating and functional tests are done
before and after coating.
2.4.5 TRD Thermal Model
The thermal model of the TRD is investigated by OHB3 primarily and
finalized for the system level model. The transient analysis over 240 days
shows that the temperature of the inner TRD changes by 2◦C within 5 days
or 0.4◦C within 24 hours [39]. This thermal model could help in the selection
of the MLI thermal blankets. By assuming the effective emissivities of the
MLI to 0.003, 0.03 and 0.05, the temperature difference between the extreme
hot and cold cases ranges from 50 to 56◦C.
Under the assumption of an effective MLI emissivity of 0.03, the following
Fig. 2.28 shows the expected temperature profile of the inner TRD as a
function of time and β angle4. The β angle increases from -30◦ to +75◦ in
case of a hot stage, jumps from +75◦(hot) to 0◦ (cold), and then changes
0◦ and -35◦ in case of a cold stage. During these extreme conditions, the
3http://www.ohb-system.de/
4The β angle is the angle between the orbit plane and the solar direction. It varies
between 0◦ and ± 75◦ for the duration of sunrises and sunsets.
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Figure 2.26: The applied high voltage and the current are measured as
decreasing pressure from ambient pressure to high vacuum. Reynolds HV
cable and its connectors, and the UHVD do not produce any discharge
(upper). But the high voltage breakdown is observed on the UTE boards
especially between 1 and 10 mbar (lower). The minimum discharge voltage
decreases to 1480 V at 3 ∼ 4 mbar and the dotted-line (red) indicates 1600
V.
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Figure 2.27: Confirmation of no local discharge on the TRD prototype.
temperature reaches around +40◦C at the hot case and cools down to -20◦C
at the cold case.
2.4.6 Thermal Vacuum Test (TVT)
Specification of TVT System
A specific thermal vacuum test system is designed to carry out complex
tests on subdetector components under high vacuum and selectable thermal
environments. It consists of a main chamber, a high vacuum subsystem and
a bath thermostat. The main chamber is a vertical cylindrical chamber for
easy loading and provides a high vacuum capability of below 1×10−6 mbar.
It is equipped with stainless steel shrouds and an inner circular copper-
substrate to mount detector components. The usable inner diameter is 817
mm and the height is 1000 mm. The bath thermostat operates with liquid
silicone oil which serves for energy transfer to the product to be tested, and
has a thermal capability of cooling down to -60 and heating +80 ◦C. The
thermostatic silicone oil is circulated through shrouds and a copper placer
independently by the pump of the thermostat. The system is depressurized
using a rotary vane pump between atmospheric pressure and 10−2 mbar, and
a turbomolecular pump to support chamber depressurization to 1 × 10−6
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Figure 2.28: TRD Thermal Model with respect to time and β angle. The
thick line (red) indicates the β angle of the ISS and other lines show several
multi-nodes of the TRD based on the resistance network methods [40].
mbar. During repressurization, pure N2 gas is supplied to 300 mbar and
then clean air to reach atmospheric pressure. This step protects the system
from contamination of both test objects and vacuum system.
There are several flanges and feedthroughs for instrumentation readout,
high voltage, and gas inlet and outlet.
  Specification of service components
– 4 channels Reynolds subminiature coaxial high voltage connectors
– 4 channels Huber+Suhner SHV connectors
– Plugin 2 × D-SUB 25 pin, 4 × D-SUB 50 pins flanges
– 4 gas inlet and outlet pairs
– 2 absolute pressure sensors
– 13 PT1000 temperature sensors
The control and reading status of the thermal bath are collected via serial
communication, and the vacuum system is operated using a logic controller
system. Online temperature and pressure monitoring are programmed with
LabView software and an Keithley multimeter equipped with a 40 channel
differential multiplexer.
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TVT UFEs
For flight UFEs, every UFE must pass the thermal vacuum test with func-
tional tests within specific operating temperature ranges. The operating
temperature is given between -20 ◦ and +50 ◦C. Each UFE withstands a
hot and a cold storage temperature of +80 ◦C and -40 ◦C respectively.
Fig. 2.29 shows the experimental setup for UFEs inside the thermal vacuum
chamber.
Figure 2.29: UFEs inside the TVT chamber. Six UFEs can be tested in
parallel in high vacuum conditions. The label ’C’ is applied to UFEs and
’T’ to temperature sensors.
The used temperature profile is given in Fig. 2.30. It consists of two hot
and cold storage cycles, two operating temperature cycles, and cold/hot bal-
ance phases at -10 and +30 ◦C respectively. Within operating temperature
ranges, between -20 ◦C and +50 ◦C, every UFE was subject to functional
tests such as gain and pedestal measurements without any failure. Below
and above the operating temperature, the low voltage power supply must
power off automatically to protect any damage from hot and cold environ-
ments.
The temperature effect on the pedestal has been measured during ther-
mal cycles. Every minute, the pedestal positons were saved to quantify
a pedestal shift per channel as shown in Fig. 2.31. The evolution of the
pedestal differs from channel to channel and its amplitude varies from 10 to
150 ADC counts within operating temperature ranges. The average pedestal
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Figure 2.30: Temperature profile during TVT. The pressure within the main
chamber is kept to less than 1 × 10−5 mbar. The operating temperature is
within -20 ◦C and +50 ◦C, and the storage temperature cools down to -40
◦C and heats up to +80 ◦C. A complete TVT takes 48 hours without any
interruption.
54
shift is corresponding about 1 ∼ 2 ADC/◦C between -20 and +50 ◦C. Ac-
cording to the TRD thermal model, the inner temperature varies by 2◦C
within 5 days or 0.4◦C within 24 hours, and the pedestal shifts are expected
to change between 0.5 and 1 ADC counts within 24 hours.
The gain sensitivity to temperature has also been measured during ther-
mal cycles every 30 minutes automatically. For example, gain calibration
results at +50 ◦C and -20 ◦C are shown in Fig. 2.32 (upper) respectively.
At the cold case, the gain is approximately 30% higher than in the hot case
and its saturation starts 1.5 pC earlier because of shorter dynamic ranges.
However, the uniformity of the gain is almost stable regardless of tempera-
ture. As shown in Fig. 2.32, the gain depends linearly on the temperature
and drifts by 0.4% to 0.5% for a temperature gradient of 1 ◦C. Therefore, it
was necessary to implement an electronic gain correction for each readout
channel.
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Figure 2.32: Gain measurements of a specific UFE at +50 ◦C (upper-left)
and -20 ◦C (upper-right). With decreasing temperature, the average gain
increases.
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2.5 Functional Tests
The functional tests comprised cosmic muons at laboratory, beam test at
CERN and the operation four TRD modules in the space-like environment.
2.5.1 Laboratory Test with Cosmic Muons
A CR test stand has been set up to evaluate a readout system in the clean
room where the temperature can be controled within a few degree. Four 1.4
m long straw modules with a trigger assembly of two scintillator counters
are integrated on a mechanical frame and record cosmic muon data as shown
in Fig. 2.34.
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Figure 2.34: Schematic diagram of the CR test stand and a side view of the
four layers of straw modules.
The readout electronics employs a single UFE with U-Crate electronics
developed as qualification modules(QM). A normal NIM trigger signal is
converted to a low voltage differential signaling (LVDS) and then applied
to the U-Crate. Generally, LVDS is used in the AMS-02 DAQ for data
or command communication because of a low noise, low power and low
amplitude method for high-speed data transmission.
The procedure to select single track events requires one or two hits in
each layer and the minimum of three layer hits for each event. Here, a
hit determines the signal above 3 σ(pedestal width) relative to its pedestal
mean at a given applied high voltage. Then a track fit is done using a
linear regression method, and poorly fitted events are rejected by considering
the chi-square and the residual representing the distance from the fitted
track line to the nearby wire hits. The last step rejects multiple scattering
events, poor fits for near-wire hits and delta rays. A selection of single track
events provides an efficiency of 66% of all triggers for the minimum ionizing
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particle (MIP) detection. Fig. 2.35 shows the 2D-distribution of the most
probable value for the MIPs and the noise level with respect to each tube per
layer. Except for the first readout channel, the gain is uniform within 3.2%
compared to the average of all channels. This lower gain results from the
timing sequence of the UDR2(QM) and will be fixed in the flight modules.
The noise is calculated after subtraction of common mode noise and shows
a stable and low noise value in operating conditions. Only channels near the
gas inlet and outlet, readout channel number 16 and 49 respectively, show
slightly higher noise because of an imperfect grounding connection.
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Figure 2.35: Cosmic muon signal on each straw tube and noise distribution
at 1370 V with Ar/CO2.
A histogram of the signal distribution is shown in Fig. 2.36. The signal
is calculated for each single track event by using a weighting factor which is
the inverse square of its own pedestal width,
< x > =
∑N
i=1 ai xi∑N
i=1 ai
where aj =
1
σx2j

 N∑
j=1
1
σx2j


−1
. (2.3)
The deposited energy per straw tube represents about 45 ADC which is
corresponding to the collected charge of 23.5 fC. The reconstruction of small
signals is affected by the electronic noise in the readout system. In particular,
for the tracking of the MIPs, the signal to noise ratio (SNR) is crucial.
Fig. 2.36 shows the distribution of the deposited energy by single muon
events and the SNR at a given high voltage of 1420 V.
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Figure 2.36: Histograms of the signal distribution for single muon events
and the signal to noise ratio at 1420 V (upper) and as a function of the
applied high voltage (lower) for Ar/CO2 gas mixtures at 22
◦C. Each error
bar shows the width of the Laudau fit at applied high voltage.
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2.5.2 Beam Test at CERN
In order to verify the TRD readout system classified as QM, a beam test was
performed at the CERN-T9 testbeam in 2004 together with TU-Karlsruhe.
Experimental Setup
To demonstrate the performance of the TRD readout, a complete U-Crate
electronics including UDR2(Data Reduction), UPSFE(Power Supply for
Front-End), UHVG(High Voltage Generator), JINF(High Rate Interface)
and USCM(Universal Slow Control Module) on UBP(U-Crate Backplane),
and 4 straw-modules are integrated within an octagon-like CFC frame as
shown in Fig. 2.37.
Figure 2.37: Experimental setup at CERN-T9 beam line. Four TRD straw
modules are exposed to proton and electron beams. Three scintillator coun-
ters(S1, S2 and S3) are used for a trigger and U-Crate electronics are con-
nected to the front-end board and the high voltage distriubtion board.
The digitized signals from the UFE are fed into the UDR2 board, and
it reduces the data size mainly by zero suppression. Each UDR2 passes the
low voltages and the timing signals to seven UFEs from the UPSFE and the
JINF. The UPSFE is a low voltage linear regulator and feeds the voltage
from the DC/DC convertes to 14 UFEs for analog and digital voltages. The
UHVG is a high voltage generator based on a 16 stages Cockcroft-Walton
generator and the LeCroy MHV100 (custom CMOS integrated circuit) for all
digital communications. It provides 7 HV channels capable of producing up
to +1750 V from intermediate +120 V. The USCM functions as an interface
between the CAN busses and the signal conditioning units which monitor
and control the UHVGs and the Dallas temperature sensors. Between the
UDR2 and the main DAQ, the JINF is working as a DAQ interface node
and provides memory to store incoming digitized signals, receives commands
from the DAQ tree, fans out the LV1 trigger, fans in HOLD signals. All
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these U-Crate components are designed to hold two functionally identical
and independent halves for double redundancy. The DAQ were connected
via ethernet from the U-Crate to the control room.
In front of the beamline, a Cherenkov counter is used for incident par-
ticle identification, and a triple coincidence of three scintillator counters is
used for a trigger. The ArCO2 (80:20) gas mixture is used for functionality
checking of the DAQ during a beam tuning period, and XeCO2(80:20) for
physics runs focused on electron beams. For a week period, the beam types
of 3 GeV electrons, protons and 12 GeV protons are injected. As shown in
Fig. 2.38, the beam dimensions are 2 cm along the x and y axis and the
beam is focused on the middle of the TRD prototype chambers.
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Figure 2.38: The beam is focused and adjusted on the middle of straw
modules (left), and the incident angle is almost perpendicular to the TRD
prototype chambers (right).
The TRD requires extremely stable and uniform high voltage generators
for use in space because the gas gain is exponentionally proportional to the
applied high voltage. Before beam testing, every channel of a UHVG is
calibrated and corrected for the applied high voltage. Fig. 2.39 shows the
linearity of the applied and measured high voltage, and the uniformity of
each channel. The RMS spread of a single UHVG is about 0.26 %.
Data Analysis
A good event is selected by applying a simple cut of 3 σ of the noise based
on pedestal positions, and then requiring a minimum of 3 hits along the
track which is fitted by a linear regression. The fraction of events with a
single good track is 60 %, and the rest of the events mainly recording two
hits per layer are discarded for this analysis.
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Figure 2.39: Calibration of the high voltage generator (UHVG). Upper pad
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Fig. 2.40 shows the spectra for different beam types. In the case of 3
GeV electrons, TR photons contribute to the energy deposition above the
peak in contrast to the 12 GeV proton sample as expected from the different
Lorentz factors.
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Figure 2.40: Histogram of the deposited energy on a single straw tube by a
3 GeV electron and a 12 GeV proton beam. The Xe/CO2 gas is supplied at
a constant flow rate of 1 l/h and a high voltage of 1480 V is applied to the
TRD chambers.
Scan of Delay Time
To integrate the input charge from the straw tubes, an UFE needs 2.4 µs
peaking time after getting a trigger signal, and this time must be adjusted
in the beam test. As shown in Fig. 2.41, a trigger signal generated from the
scintillation counters is delayed to scan this effect by using a 3 GeV proton
beam. For comparision, the Landau fits of the dE/dx peaks is applied on
each time step and then the delay time is fixed at 2 µs considering a time
latency between the trigger signal and the signal shaping time.
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Figure 2.41: Scan of the dE/dx peak as a fucntion of a delay time using a 3
Gev proton beam.
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Signal to Noise Ratio
The signal over noise distribution is derived by using single track data sam-
ples collected from 15 GeV proton data at different applied high voltages as
shown in Fig. 2.42. The observed signal to noise ratio is exponentially pro-
portional to the applied voltages and it demonstrates the gain dependence
on the electric field by a virtue of stable noise performance.
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Figure 2.42: The signal over noise ratio is evaluated from data using 15 GeV
proton beams and XeCO2 gas mixtures. Each point corresponds to the most
probable value (MPV) of the Landau fit and error to its width.
Gas Gain Dependence
The integrated charges from straw tubes depend on the type of incident
particle, the filled gas mixture and its density, the geometry of tubes and
the applied voltage. Fig. 2.43 shows these gain characteristics by compar-
ing dE/dx peaks with different gas mixtures and applied high voltages at
constant gas pressure. For a given proportional tube, the collected charges
increase exponentially with the applied voltage in both gas mixtures. It
should be noted that the Xe based gas mixture needs higher voltage than
Ar since Xe needs a higher ionizing potential for successive ionizing events.
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In the same gas mixtures, relativistic protons lose less energy primarily by
ionization and atomic excitation while electrons predominantly lose energy
by bremsstrahlung and e+e− pair production in matter.
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Figure 2.43: MPV vs. applied HV with different gas mixtures. The detector
is exposed to 3 GeV electrons, protons and 15 GeV protons.
Test beam studies have been used to study the performance of the TRD
readout system based on the front-end board coupled with U-Crate elec-
tronics. Results of the functionality and performance tests, both in the
laboratory using the CR test stand and the test beam facility at CERN
demonstrate that the complete electronics and readout chain work accord-
ing to the design specification. Furthermore, a series of space qualification
tests have demonstrated that the AMS-02 TRD fulfills all necessary require-
ments for operation in space.
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2.5.3 Operation of the TRD in a Space-like Environement
A TRD prototpye has to be operated in a space-like environment to prove its
reliablity, to gain experiences of the detector operation and to study temper-
ature effects on the detector performance. For this aim, four straw modules
have been mounted inside a thermal vacuum chamber with a radioactive
source to measure the gas gain and the noise behaviour. This prototype is
integrated with a complete single readout system (UHVD, UFE and UCrate
generateing low & high voltage power and collecting data) and the radioac-
tive sources as shown in Fig. 2.44. The radioactive sources are kept in an
aluminium block designed to operate in the high vacuum, and then mounted
between the straw modules to monitor the gas gain as a function of temper-
ature.
1st Layer (Ch 01 – 16)
2nd Layer (Ch 17 – 32)
3rd Layer (Ch 33 – 48)
4th Layer (Ch 49 – 64)
Figure 2.44: Four TRD straw modules are integrated with a single readout
and power system. These modules are irradiated with 55Fe sources during
thermal vacuum environments.
A key point to operate a gas chamber in high vacuum conditions is
the gas tightness and the stability of the straw modules. According to the
TRD thermal model, 16 thermal cycles are programmed between -20 ◦C and
+45 ◦C which is corresponding to temperature changes during 1000 days on
orbit. For such purposes, Ar/CO2(82/18) gas mixture is supplied with a
constant flow of 1 l/h, and a fixed high voltage of 1350 V is applied. The
data is obtained by using a U-Crate(QM) readout system. Fig. 2.45 shows
the temperature cycles and the pressure of the straw modules and the inner
vacuum chamber for nine days.
The UHVG is required to supply extremely stable high voltage because
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Figure 2.45: Sixteen thermal cycles for nine days: +45◦C for the hot case
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the straw modules are controlled within 5 mbar, and the the vacuum inside
the TVT chamber is kept below 10−5 mbar (lower).
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the gas gain is exponentionally proportional to the applied voltage. The
high voltage is controlled and monitored by communication with a USCM
(Universal Slow Control Module). The USCM is developed for the AMS-
02 experiment for the slow control of the subdetectors via a CAN5 bus
communication. Fig. 2.46 shows the stability of the applied high voltage
during 16 thermal cycles. The RMS spread is 0.068 V at 1350 V and the
observed current is also stable during the whole time.
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Figure 2.46: The applied high voltage and current are monitored during 16
thermal cycles and show extremely stable values.
Every minute, 1000 events are saved with 1 kHz random trigger to check
the detector performance. The pedestal and the noise dependence on the
temperature are shown in Fig. 2.47 as a function of time in operating mode.
The average noise of a TRD prototype is 1.75 ADC and its RMS spread
shows a broad uniformity of less than 1% compared to the average noise for
16 thermal cycles.
Significant operating parameters affecting gas gain are gas purity, gas
pressure, temperature, and stability of the high voltage applied to the cham-
ber. The gas gain of the proportional gas chamber can be expressed using
5Controller Area Network
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Figure 2.47: Pedestal and noise profiles of the TRD test modules during
themal vacuum cycles. For 130000 pedestal runs, the pedestal average per
channel is compared with a reference value measured at +25◦C (upper).
The pedestal swings due to temperature variations differ from each other
and their magnitude correspond minimum 10 to maximum 90 ADC counts.
After common mode noise subtraction, their noise distribution confirms a
good stability of the detector during thermal cycles (bottom).
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the Diethorn formula [41],
lnG =
ln 2 ·V
ln(b/a) ·∆V ln
(
V
ln(b/a) · a · Emin · (ρ/ρ0)
)
, (2.4)
where G is the gas gain, a is the anode wire radius, b is the cathod inner
radius, T is the temperature, V is the applied voltage, ρ is the gas density
and p is the gas pressure. Here, ∆V is the average potential required to
produce an electron in the given gas, and Emin is the minimal electric field
needed for an electron to be multiplied. The gas density ρ at temperature T
and pressure p has the following relation with the standard value measured
at 0◦C and 1 atmosphere:
ρ = ρ0
p
p0
· T0
T
. (2.5)
By inserting Eq.(2.5) into Eq.(2.4), the gas gain becomes a function of the
relative temperature at fixed pressure. To investigate the sensitivities of
the gas gain to the temperature, the TRD prototype is tested with an 55Fe
X-ray source (5.9 keV) between the straw modules. The data taking was
done with a fast random trigger (2 kHz). At six temperature points, the gas
gain is extracted by using the Fermi function defined as:
F (x) =
a
exp b(x− c) + 1 , (2.6)
where the parameter c is used to determine the gas gain for each tempera-
ture. The gain increases as the temperature increases and its magnitude is
fitted as shown in Fig. 2.48. The same data is used to apply the Diethorn
formula and it demonstrated the gain relation as a function of tempera-
ture as shown in Fig. 2.49. As mentioned before, the electronic gain of a
UFE is also sensitive to the temperature in the thermal vacuum test. After
correction of the electronic gain to each readout channel, the gas gain is
calculated and normalized to +20◦C. The derived uniformity is better than
2% and gaurentees a safe and robust operation of the TRD within a wide
temperature range without any functional degration.
To generalize the gas gain as a function of gas density, the Diethorn
formula is applied to get the relative gain with respect to the variation of
the gas density as shown in Fig. 2.50. The number of primary ion-pairs is
calculated from the deposited energy and the mean ionization energy of 23.6
eV for ArCO2 [42]. The number of primary electrons for the 5.9 keV X-ray is
calculated to be 250 and its equivalent charge corresponds 4.0×10−2 fC. By
using this information, the gas gain can be calculated as the ratio between
the collected charge from a straw tube and the primary ionization charge.
The derived relative gas gain can be written in terms of gas density as,(
∆G
G
)
V
= (−5.756 ± 0.0132)
(
∆ρ
ρ
)
p
. (2.7)
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Figure 2.48: Gas gain fit with the Fermi function at six temperature points:
-25, -10, +10, +20, +30, and +45 ◦C.
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Figure 2.49: Gas gain measured at -25, -10, +10, +20, +30, and +45 ◦C. A
logarithmic gain is proportional to the logarithmic temperature as expected
from the Diethorn formula. The middle line shows the gain uniformity of
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According to Eq. 2.7, the gas gain variation can be kept below 5% if the
relative gas density is stable within (0.868 ± 0.002) % or the temperature
is stable within (2.546 ± 0.006)◦C at constant pressure. It should be also
noted that changes in gas pressure of the order of a few tenths percent
might have a significant effect in gas gain [33]. Therefore the gas flow of the
proportional counters has to be well regulated and monitored.
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Figure 2.50: Gas gain vs. gas density at constant high voltage and gas
pressure.
For comparision with different chamber geometries, the gas gain is mea-
sured in terms of the surface field E = k · V of the anode wire, where
k = 1/a · ln(b/a), a and b are the anode and cathode radii, and V is the
applied high voltage. The applied high voltage is increasd from 1300 V to
1400 V in steps of 25 V as shown in Fig. 2.51.
Also, to generalize the gas gain as a function of the surface field, the
Diethorn formula is applied to get the relative gain relation with an applied
high voltage. The derived relative gas gain can be expressed similary,
(
∆G
G
)
ρ
= (15.57 ± 0.042)
(
∆E
E
)
p
. (2.8)
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Figure 2.51: Gas gain vs. surface electric field at constant temperature and
pressure. The high voltage is applied from 1300 V to 1400 V increasing in
25 V
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If we want the gas gain variation to be less than 5%, the maximum allowed
variation of the surface field corresponds to 0.321 ± 0.001%. The output
voltage stability of a UHVG is already measured during 16 thermal cycles,
and the measured variation is less than 0.1 V at 1350 V. This corresponds
to a gain variation of (0.0784 ± 0.0002) %.
Finally, the gas gain data are fitted in order to determine two unknown
Diethorn parameters, ∆V and Emin which depend only on the gas mixture.
The corresponding two constants ∆V and Emin are derived as shown in
) ]
0
ρ / ρ × a × ln[ V/ (ln(b/a) 
12.09 12.1 12.11 12.12 12.13 12.14 12.15 12.16 12.17 12.18
 
ln
(b
/a)
 ] /
 V
 
×
 
[ ln
(G
) 
0.033
0.0335
0.034
0.0345
0.035
0.0355
0.036
0.0365
0.037
 SQJIG Ch = 29 
 SQJIG Ch = 30 
 SQJIG Ch = 45 
 SQJIG Ch = 46 
 [V/cm]3 10×  4.946) ± = ( 48.30 
min
  0.169) [eV]   E± V = ( 26.74 ∆
Figure 2.52: A Diethorn plot of the same data as shown in Fig. 2.51. As
described by the Diethorn formula, a graph of [ln(G) · ln(b/a)]/V versus
ln[V/(ln(b/a) · a · ρ/ρ0)] is linear with a slope of ln 2/∆V and intercept
(− ln 2/∆V ) ln(Emin).
Fig. 2.52,
∆V = (26.74 ± 0.169) [eV]
Emin = (48.3 ± 4.95) [kV/cm] . (2.9)
The comparision of the measured gas gain with the Diethorn formula
could potentially lead to an improvement of the particle identification ca-
pability of the TRD. Furthermore, extensive tests with a thermal vacuum
chamber showed that the TRD can be operated in a stable and safe mode.
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Chapter 3
Study of the Cosmic-ray
Spectra
In 1912, the Austrian physicist V.F. Hess [43] has carefully measured the
intensity of cosmic radiation using electroscopes during balloon flights and
shared a Nobel Prize in physics 25 years later. This was the beginning
of cosmic ray physics, and cosmic rays have historically been important
for the development of particle physics. The positron, predicted by Paul
Dirac(1928) from his relativistic theory of electrons, was discovered by Carl
Anderson(1932). The positron was detected by photon conversion in cosmic
rays passing through a cloud chamber immersed in a magnetic field. The
muon was discovered by Neddermeyer & Anderson and Street & Stevenson
in independent experiments(1937), as it caused cosmic ray tracks with unit
charge but mass in between the electron and the proton. It raised the
first encounter of the generation problem in building blocks of matter. The
pion, being the lightest meson, was predicted by Hideki Yukawa(1935) as
a mediator of the strong interaction. In 1947 Lattes, Muirhead, Occhialini
and Powell conducted a high altitude experiment and detected pions in
cosmic rays captured in a photographic emulsion which were consistent with
Yukawa’s particle. The kaon strange meson, the lightest 2nd generation
meson, was detected by Rochester, Butler(1947) among cosmic ray particles
with masses between pions and protons, which was just like the pion except
for strangely long lifetime before decay into a pion or a muon and a neutrino.
Cosmic ray physics has established a new scientific research field connecting
particle physics with cosmology.
The precise measurement of galactic cosmic-ray (CR) rigidities in combi-
nation with good particle identification gives a unique opportunity to inves-
tigate CR origins and develop more realistic acceleration and propagation
models. Also, the flux of cosmic rays near the Earth varies with the solar
cycle due to the effect of solar winds. For these reasons, long duration mea-
surements of primary cosmic rays are essential for a better understanding of
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solar modulation.
3.1 Origin of Cosmic-rays
Protons and helium, electrons as well as carbon, oxygen, iron, and other nu-
clei synthesized in stars, are primaries accelerated by astrophysical sources.
While nuclei such as lithium, beryllium, and boron are secondaries which
are not abundant end-products of stellar nucleosynthesis. Antiprotons and
positrons are also in large part secondary produced in interactions of the
primaries with interstellar gas.
The energy spectrum of cosmic ray nuclei can be described by a seg-
mented power-law formula above 10 GeV/nucleon,
dN
dE
∝ E−α (3.1)
with the following values for the spectral index: α = 2.7 (E < 1016eV) and
α = 3.0 (1016 < E < 1018eV) as shown in Fig. 3.1 [44].
3.1.1 Galactic Cosmic-ray Sources
Although still highly debatable, it is generally accepted that Galactic CRs
are gradually accelerated to high energies (up to 105 GeV) in the shell-type
supernova remnants (SNRs) [45] and in pulsar wind nebulae [46]. SNRs are
favored as the site of cosmic-ray acceleration for two principal reasons: (1)
a theoretically well-established acceleration mechanism exists in the form of
diffusive shock acceleration at SNR shock fronts [47], and (2) the Galactic
supernovae and the resulting SNRs are the only known potential sources
that can provide the necessary amount of energy [48].
Pulsars, rapidly rotating neutron stars left over after a supernova ex-
plosion, are highly magnetized and act like unipolar inductors accelerating
particles. The pulsar wind interacts with the ambient medium, generat-
ing a shock region where particles are accelerated. The Crab Nebula is the
best-studied object of this class of particle accelerators. Most of these poten-
tial Galactic CR sources such as SNRs and pulsars are associated with the
formation of massive stars and therefore cluster along the Galactic plane,
especially concentrated in the direction toward the center of our Galaxy [49].
3.1.2 Extragalactic Cosmic-ray Sources
Diverse extragalactic sources include Active Galactic Nuclei (AGN), Star-
burst Galaxies, Gamma-Ray Bursts (GRBs) and so forth. Most of the AGN
are blazars and they are believed to be very massive black holes of 108 solar
masses (M). The violent processes near the black hole sometimes cause
two relativistic, dramatically opposite jets to emanate from the vicinity of
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Figure 3.1: Compilation measurements of the energy spectrum of CRs. The
dotted line shows an E−3 power-law for comparision. The two breaks in the
spectrum, around 1015 − 1016 eV and at 1018 − 1019, referred to as knee
and ankle respectively, may indicate the energy limits of different cosmic
accelerators [44].
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the black hole. However, the mechanism producing an apparently helical
shape of the jets is unclear [50].
The dense dark dust accompanies a high star formation rate. The star-
bursts are characterized by high star-formation rates fueled by ∼ 108 −
1011 M reservoirs of cold atomic and molecular gas, resulting both in a
high frequency of supernova explosions and in a plasma wind emerging from
the Galaxy [51].
GRBs, short and intense pulses of soft gamma-rays, are among the most
energetic known CR sources comparable to supernova explosions but they
last from just a few seconds to several minutes. It is one of the most ex-
citing fields in gamma-ray astrophysics since their unexpected discovery in
the late sixties. During the last decade, several space missions together with
ground-based optical, infrared, and radio observatories have revolutionized
our understanding of GRBs, showing that they are arrived from cosmolog-
ical distances and accompanied by long-lasting afterglows [52]. It has been
suggested that the GRB might be associated with core-collapse supernovae
or the result of colliding neutron stars.
3.2 Cosmic-Ray Propagation and Solar Modula-
tion
The simplest CR propagation model is the leaky-box model assuming a
Galaxy with uniform density from which CRs leak out with an energy-
dependent probability per unit time. More realistic models account for the
actual structure of the Galaxy, incoporating both a high-density central disk
and a low-density halo [53]. Recent models include diffusion, convection and
reacceleration models with complete nuclear chain reactions, realistic dis-
tribution of the intersteallar medium (ISM), and energy loss mechanisms.
There are a number of recent reviews of CR propagation models and un-
derlying computational techniques [54]. In order to get a self-consistent
model of propagation, primary CR fluxes must be compared with the ob-
served measurements of positrons, antiprotons and gamma rays, which are
the result of nuclear interactions in the ISM.
3.2.1 Propagation Models
The public GALPROP code [55] is used to investigate the Galactic CR prop-
agation model. GALPROP is the most accurate program in modelling CR
propagation in the Galaxy. This code has served as a complete substitute
for the conventional ’leaky-box’ or ’weighted-slab’ propagation models, with
many advantages such as the correct treatment of radioactive nuclei, realistic
gas and source distributions etc. The proton and helium injection spectra
and the propagation parameters are chosen to reproduce the most recent
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measurements of primary and secondary nuclei, antiprotons, electrons and
positrons, as well as gamma-rays and synchrotron radiation. The basic spa-
tial propagation mechanisms are diffusion and convection, while energy loss
and diffusive reacceleration by the interstellar turbulence [56] (the super-
nova remanants and stellar winds) are treated in momentum space. Nuclei
fragmentation, secondary particle production and energy losses are com-
puted over wide charge and energy ranges using realistic distributions for
the interstellar gas and radiation fields. The models are described in three
dimension with cylindrical symmetry in the Galaxy, and the basic coordi-
nates are (R, z, p), where R is the galactocentric radius, z is the distance
from the Galactic plane, and p is the particle momentum. The propagation
equation for all CR species has the following transport equation form,
∂ψ
∂t
= q(~r, p) + ~∇(Dxx~∇ψ − ~V ψ) + ∂
∂p
p2Dpp
∂
∂p
1
p2
ψ
− ∂
∂p
[
p˙ψ − p
3
(~∇ · ~V )ψ
]
− 1
τf
ψ − 1
τr
ψ , (3.2)
with propagation boundary conditions,
ψ(Rh, z, p) = ψ(R,±zh, p) = 0 . (3.3)
Here ψ = ψ(~r, p, t) is the density per unit of total particle momentum,
ψ(p)dp = 4pip2f(~p) in terms of phase-space density f(~p), q(~r, p) is the source
term, Dxx is the spatial diffusion coefficient, ~V is the convection velocity.
The reacceleration is described as diffusion in momentum space and is de-
termined by the coefficient Dpp, p˙ ≡ dp/dt is the momentum loss rate, τf is
the time scale for fragmentation, and τr is the time scale for the radioactive
decay. The injection spectrum of nucleons is assumed to be a power law
in momentum, dq(p)/dp ∝ p−γ for the injected particle density with one
change in the spectral index at rigidity (around 9 GV for protons). For a
given zh, the diffusion coefficient as a function of momentum and the reac-
celeration parameters are usually determined by the energy dependence of
the secondary to primary nuclei ratios in CR. The spatial diffusion coeffi-
cient is taken as βD0(ρ/ρ0)
δ, assuming independence of position, where ρ is
the rigidity.
The interstellar magnetic field of our Galaxy can be probed in three
dimensions using Faraday rotation of pulsar signals. It is described by two
distinct components: (1) a bisymmetric spiral field in the disk with revised
direction from arm to arm, and (2) an azimuthal field in the halo with
reversed directions below and above the Galactic plane [57]. It is assumed
to have the form,
Btot = B0e
−(R−R)/RB−|z|/zB . (3.4)
The values of the parameters (B0, RB , zB) are adjusted to match the syn-
chrotron longitude and latitude distributions. The strength of the total field
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takes a radial scale RB = 10 kpc and a scale height zB = 2 kpc consis-
tent with radio synchrotron data of spiral galaxies. The large-scale fields
increase toward the Galactic center, with a mean value of 6 ± 2 µG in the
solar neighborhood and 10 ± 3 µG at a galactocentric radius of 3 kpc [58].
The interstellar hydrogen distribution uses HI and CO surveys and in-
formation on the ionized component. The interstellar He to H fraction is
assumed to be 11%. Energy losses for electrons by ionization, Coulomb
interactions, bremsstrahlung, inverse Compton, and synchrotron radiation
are included, and for nucleons by ionization and Coulomb interactions. The
interstellar gas, which is related with gamma-ray intensities, is computed
from the emissivities as a function of (R, z,Eγ) using the column densities
of HI and H2 based on 21 cm line survey data and CO (J = 1 → 0)
survey data respectively. The interstellar radiation field (ISRF) is made
up of contributions from starlight, emission from dust, and the CMB. Es-
timation of the spectral and spatial distribution of the ISRF depends on
models of the distribution of stars, absorption, dust emission spectra and
emissivities. It is used to calculate the inverse Compton (IC) emission and
electron/positron energy losses. In this thesis, the conventional model [61]
is selected as a standard model to compare predictions with experimental
data sets and additional observational constraints. This model is based on
the locally observed nucleon and electron spectra. The parameters of the
propagation and the Galactic halo size can be fixed in a self-consistent way
using secondary to primary ratios of heavier elements and radioactive iso-
tope ratios. In particular, primary CR components such as carbon, nitrogen
and oxygen may interact with the ISM to produce secondary elements such
as lithium, beryllium and carbon. The measured boron to carbon ratio can
be used to set diffusion parameters, because it has an information on the
composition and homogeneity of the ISM that CRs have encountered before
reaching the Earth.
The propagation parameters are tuned to fit the B/C ratio in Fig. 3.2
by adopting the conventional model. In the conventional model, the spatial
diffusion coefficient is taken as Dxx = β D0 (ρ/ρ0)
δ, where D0 = 5.8 ×
1028 cm/s at ρ0 = 4 GV and δ = 1/3 (Kolmogorov spectrum). The
halo height is taken as zh = 4 kpc [61]. Generally, an increasing diffusion
constant reduces the flux at lower energy whereas an increasing halo size
increases the flux and has more or less the same effect as lowering diffusion
constant, except at higher energies.
On the other hand, unstable nuclei, such as 10Be, 26Al, 36Cl, 54Mn, and
14C, known as radioactive clocks, provide an additional constraint on the
Galactic halo size and complement the observations of stable cosmic nuclei
in the Galaxy. Abundances of K-capture isotopes such as 49V, 51Cr, 55Fe
and 57Co, which decay via electron K-capture from the ISM, can be used to
probe the gas density and acceleration time scale. Furthermore, extending
observations of these isotopes to higher energies, where the Lorentz factor
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significantly changes the decay lifetime, offer a more sensitive test of CR
propagation. The accurate measurement of radioactive 10Be, which has a
decay lifetime of 1.6× 106yr, with respect to its stable neighbor isotope 9Be
has been widely used for constraints on the Galactic halo size.
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Figure 3.3: Beryllium ratio data are compared with model predictions for
zh = 4 kpc and 6 kpc. Dashed curves represent LIS and solid curves are
modulated. Low energy data sets are consistent with each other at 4 kpc.
The higher energy data measured by ISOMAX [64] indicate a steeper in-
crease than predicted. However, it precludes any conclusions concerning
propagations at present because of the large statistical uncertainties of the
ISOMAX results.
In Fig. 3.3, the 10Be/9Be ratio is calculated and compared with measure-
ments. The figure also shows the results of satellite measurements at several
hundred MeV/nucleon from IMP7/8 [65], ISEE-3 [66], Ulysses [67], Voyager
1 and 2 [68], as well as ISOMAX [64] above 1 GeV/nucleon. Future exper-
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iments with improved statistics are needed to impose stronger constraints
on CR propagation models.
3.2.2 Solar Modulation
It is necessary to apply the effect of solar modulation to the derived interstel-
lar spectra of CR nuclei, in order to make a comparison with the observed
data. The incoming charged particles from outside the solar system are
modulated by the solar wind, the expanding magnetized plasma generated
by the Sun, which decelerates and partially excludes the low energy galactic
CRs from the inner solar system. There is a significant anticorrelation be-
tween solar activity and the intensity of the CRs with energy below about
10 GeV.
Direct measurements of electrons and positrons are corrected for solar
modulation in the force-field approximation [69] to obtain estimations of the
local interstellar spectra. The force field approximation can be expressed as,
Φ(E) =
E2 −m2
E2IS −m2
× ΦIS(EIS) , (3.5)
where E = EIS − |Z|φ and φ is the solar modulation parameter. The Φ
and ΦIS are the fluxes of cosmic rays on the Earth and in the interstellar
space respectively. This simple model might be considered as one of the
main possible reasons for the discrepancy between the nuclei and antiproton
fluxes. However, the interstellar propagation and production cross section
errors could be also responsible for this discrepancy. Solar activity rises and
falls with a period of about 11 years as shown in Fig. 3.4. The number of
sunspots indicates the level of solar activity. Emissions of matter and elec-
tromagnetic fields from the Sun increase during high solar activity, making
it harder for Galactic CRs to reach Earth.
3.3 Cosmic-ray Spectra
The elemental composition of CR is interesting as it may offer clues for un-
derstanding their origin. Cosmic Li, Be and B are produced as secondary
nuclear spallation products from heavier primary parents C and O in colli-
sions with the H and He gas in the ISM. Similarly, Sc, Ti, V, Cr and Mn
result from the spallation of Fe. The satellite-based HEAO-3 experiment
measured the elemental composition and energy spectra of CR with an un-
precedented accuracy in the 1 ∼ 35 GeV/nucleon range [63]. The relative
abundances are normalized to Oxygen(=1000) in Fig. 3.5.
Secondary positrons, antiprotons and diffuse galactic gamma rays are
produced in collisions of CR particles with interstellar matter. Unlike sec-
ondary nuclei, positrons and antiprotons reflect primarily the propagation
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Figure 3.4: Solar modulation refers to the influence the Sun exerts upon
the intensity of galactic CRs. As solar activity (top panel) rises, the count
rate recorded by a neutron monitor in McMurdo Antarctica (bottom panel)
decreases [70].
history of the protons, the main CR component. Also, they reflect the large-
scale nucleon spectrum independent of local irregularities in the primaries
and provide information on propagation models which is also complementary
to that provided by secondary nuclei.
3.3.1 Proton and Helium
The absolute flux and spectral shape of primary CRs are important to de-
scribe the origin and the propagation mechanism in the Galaxy. The most
dominant primary particles are protons and helium nuclei, and their spec-
tra are also essential as an input to calcuate secondary CRs like antiprotons
and positrons produced in interactions with the interstellar gas. The most
accurate proton spectrum was measured by BESS [71] near the geomag-
netic north pole, and AMS-01(1998) [72] with respect to many different geo-
magnetic latitudes, and provides downward/upward moving proton spectra
above and below the geomagnetic cutoff. BESS and AMS measured the
fluxes of proton and helium almost simultaneously in time close to the so-
lar minimum in 1998. Above the geomagnetic cutoff, the fluxes are almost
identical as shown in Fig. 3.6.
The slight difference can be traced to the fact that AMS measured fluxes
above the atmosphere while BESS has to correct the measured fluxes for
absorption in the atmosphere.
3.3 Cosmic-ray Spectra 89
 Nucleus charge [Z]
5 10 15 20 25 30
 
N
or
m
al
iz
ed
 to
 O
xy
ge
n 
= 
10
00
 
1
10
210
310
=800MV @7.5GeV/n Φ Calculation  
=800MV @7.5GeV/n Φ HEAO-3       
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3.3.2 Electrons and Positrons
Although the electron component constitutes less than 2% of the CRs, it
plays an important role in understanding the propagation of CRs in the
Galaxy. High energy electrons are belived to originate from primary accel-
eration sites, specifically from supernovae remnants (SNRs), while positrons
are produced by primary electrons and nuclei interactions with interstellar
gas on propagation in the Galaxy. Also, the electron is distinct from charged
nuclei by the absence of hadronic interactions and by energy loss processes
during propagation through the Galaxy. At energies above a few GeV, elec-
trons undergo severe energy loss due to synchrotron radiation in the galactic
magnetic fields and inverse Compton scattering with the ambient photons
such as from star light or the cosmic microwave background. These pro-
cesses have an energy loss rate whose magnitude increases with the square
of the electron energy,
dE
dt
= −bE2 ,with b = C
(
ωph +
< B2 >
8pi
)
. (3.6)
The constant C equals 10−16 if the energy densities of photons (ωph) and
magnetic fields < B2 > /8pi are measured in eV/cm3, and dE/dt is in
GeV/s.
Electrons lose almost of their energy after time T = 1/bE and therefore
the lifetime becomes shorter with increasing energy. Assuming B⊥ = 5 µG
and taking the Klein-Nishina formula for the Compton prcess, the lifetime
is approximately 2.5 × 105 yr/(E/TeV). As an approximate treatment, the
diffuse distance of electrons can be expressed as R = (2DT )1/2 for the
diffusion coefficient of (2−5)×1029 cm2s−1 at 1 TeV [73]. By these radiative
losses, the TeV electrons can propagate from the sources only within ∼1 kpc
during their lifetimes of about 105 yr as shown in Fig. 3.7. Among all known
SNRs, the Vela SNR is the largest electron source within 1 kpc of the solar
system and with an age of less than 4 × 105yr. The distance to the Vela
SNR is estimated to be 0.3 kpc with an age of 1.1 × 104 yr(see Table 1 in
[73]).
Up to date, the electron measurements, typically performed by high
altitude balloons, have been limited in their ability to study high energy
electrons in the local CR flux by their short exposure times and small ac-
ceptance. Fig. 3.8 shows the measured total electron and positron fluxes as
well as model descriptions.
The expected positron to electron ratio, e+/(e+ + e−), in CRs arriving
at Earth is rougly 10% and it decreases with increasing energy as shown
in Fig. 3.9. After considering solar modulation, the positron fraction shows
that the ratio is 0.2 below 1 GeV and decreases to about 0.05 at energies ex-
ceeding 5 GeV. Such a behavior can be explained by the secondary nature of
positrons up to a few GeV. Among the measurements, HEAT [75] measured
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Figure 3.7: Calculated propagation distance of electrons due to energy loss
by synchrotron and inverse Compton processes at the rate dE/dt = −bE2.
In a diffusive propagation model, the electron lifetime is estimated to be
2.5×105 yr/(E/TeV) under the assumption of B⊥ = 5 µG and the diffusion
coefficient D = 4 × 1029 cm2s−1 in the TeV region. During this lifetime,
electrons can propagate a distance of R = (2DT )1/2 [73].
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the positron fraction in the high energy range from 5 to 50 GeV precisely
and showed that it appears to increase over 7 GeV. This observation cannot
be explained by the current propagation models and requires a new primary
source of positrons. It has been suggested that the positron component
might be generated through the annihilation of dark matter particles in the
Galactic halo. It is essential to improve the statistics on primary electron
and positron measurements in the higher energy range because dark matter
annihilation, for instance of neutralinos, could affect the positron intensity
above several GeV and the shape of the measured flux could indicate a pres-
ence of primary positron origins. In order to reach definite conclusions, we
also need reliable physical parameters related to the CR propagation in the
Galaxy, such as the diffusion coefficient, gas density, source distribution,
halo size and so on.
3.3.3 Antiprotons
Antiprotons are thought to be generated as secondaries in nuclear interac-
tions of high energy CRs with the ISM (mostly p-p, p-He, He-He nuclear
reactions) [80]. These secondary processes are expected to show a charac-
teristic peak around 2 GeV and sharp decreases of the flux below and above
the peak. This unique shape helps to distinguish antiprotons from other
CR species and allows for searches of primary antiprotons at low energies.
Moreover, there is an open question whether there are significant additional
contributions from exotic origins such as the annihilation of dark matter or
the evaporation of primordial back holes (PHB). The PHB contribution is
expected to show very soft energy spectra peaking towards lower energies
and vary with solar modulation, while the annihilation of dark matter could
affect the antiproton intensity at higher energy above several GeV where it
is free of the solar modulation effects.
Several experiments measured the antiproton spectrum: the balloon-
borne BESS and CAPRICE experiments, and the AMS-01 experiment dur-
ing space shuttle flight STS-91 as shown in Fig. 3.10. The series of BESS
experiments provided the spectrum from 0.2 to 3.5 GeV with good statis-
tics and reported a slightly flat spectrum at less than 1 GeV during solar-
minimum period (1995-1997) [9]. The CAPRICE98 experiment [81] mea-
sured the antiproton flux at energies up to 49 GeV. The measurement of the
antiproton spectrum at energies above a few GeV is less affected from un-
certainties associated with the secondary antiproton production such as nu-
clear subthreshold effects and solar modulation effects. Several observations
of the antiproton flux are consistent with each other within experimental
errors and in agreement with the expected background based on a purely
secondary origin. However, given the present large statistical errors and the
uncertainties of propagation and solar modulation, a primary antiproton
component cannot be excluded.
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Future precise measurements of the antiproton spectrum will be impor-
tant to determine the charge-sign dependence of the solar modulation and
the propagation mechanism of CRs in the Galaxy.
3.3.4 Diffuse Gamma Rays
Diffuse continuum γ-rays are potentially able to reveal much information on
the sources and propagation of CR in distant regions while charged particles
may reflect only the local region. The diffuse γ-ray emission mainly arises
from CR proton and electron interactions with the interstellar gas and radi-
ation fields. The extragalactic background and the unresolved point sources
can also contribute. The puzzle of the Galactic γ-ray gradient goes back
to the time of the COS-B satellite [83] using HI and CO surveys to trace
the atomic and molecular gas. The Galactic distribution of emissivity per
H atom is a measure of the CR flux for the bremsstrahlung and pion de-
cay components related with gas. However, the predicted γ-ray gradient
is much smaller than expected if SNR are sources of CRs, as is generally
believed. This discrepancy was confirmed with much more precise data
from the EGRET instrument, flying on the CGRO satellite (COMPTON
Gamma Ray Observatory) [84]. The conventional model is compared to
EGRET data in the inner Galaxy in Fig. 3.11. The data show an excess
around 1 GeV relative to the predicted flux. The excess can be the result
of incomplete knowledge of the source distribution, the injection spectra of
primary CRs, the production mechanisms of secondary CRs, the interstellar
radiation field and the gas distribution including details of Galactic structure
or a combination of these components.
The EGRET all-sky map shows an image of the sky at gamma energies
above 100 MeV in the middle of Fig. 3.12. The diffuse emission appears to be
the brightest along the galactic plane and it is primarily due to interactions
between CRs with interstellar gas and photons. It also shows enhanced
gamma-ray emission above 1 GeV in all latitude and longitude ranges [87].
It is not a feature restricted to the Galactic ridge or the gas-related emission.
Further it is clear that a simple upward rescaling of the pi0 contribution will
not improve the fit in any region since the observed peak is at higher energies
than the pi0 peak. In the SNR source scenario, the spectrum in the inner
Galaxy is attributed to an additional population of unresolved SNRs, but
this component cannot explain the excess at high latitudes and hardly in
the outer Galaxy. This can be interpreted as a product of dark matter
annihilation in the Galaxy [88].
Recently, gamma-rays from dark matter annihilations have been sought
to resolve the GeV-excess by using both space-born gamma-ray telescopes
AGILE[89] and GLAST [90], and the ground-based atmospheric Cherenkov
telescopes VERITAS [91], Cangaroo [92], HESS [93], and MAGIC [94]. The
key, distinguishing between all of the possible gamma-ray emission scenarios,
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Figure 3.12: Diffuse continuum γ-rays based on locally observed electron
and proton spectra are compared with EGRET spectra for various regions
of the sky. The upper center region corresponds to the inner Galaxy, upper
left is the Galactic plane excluding the inner Galaxy and upper right is the
outer Galaxy. The middle left and right regions cover higher latitudes at all
longitudes, and the lower region covers the Galactic poles. EGRET all-sky
map from http://cossc.gsfc.nasa.gov/docs/cgro/egret/.
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is to measure the position, angular extent, variability, and spectrum of the
gamma-ray signal.
Chapter 4
Search for Dark Matter
Based on the mSUGRA
model
According to the concordance model of standard cosmology, the universe
consists of 4% baryonic matter, 22% unknown dark matter and 74% un-
known dark energy. Theories of structure formation suggest that most of
the matter density should be in the form of cold dark matter, such as weakly
interacting massive particles.
4.1 Standard Model of Particle Physics
The Standard Model(SM) of particle physics has been established by a se-
ries of experiments and theoretical developments over the past century [95],
including:
  1897 - Discovery of the electron
  1910 - Discovery of the nucleus
  1930 - Nucleus is composed of protons and neutrons; neutrino proposed
  1936 - Discovery of the muon
  1947 - Pion and strange particles discovered
  1950’s - Many strong interacting particles discovered
  1964 - Quarks proposed
  1967 - Standard Model proposed
  1973 - Neutral week interaction discovered
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  1974 - Charm quark discovered
  1975 - Tau lepton discovered
  1978 - Bottom quark discovered
  1979 - Gluons discovered
  1983 - Intermediate W±, Z0 gauge bosons discovered
  1990 - Three neutrino flavors counted
  1995 - Top quark discovered
  1998 - Neutrino oscillations discovered
  2000 - Possible evidence for the Higgs (not yet confirmed).
The SM contains the following set of spin 1/2 fermion particles, each
group consisting of three families:
Leptons :
(
νe
e
)
,
(
νµ
µ
)
,
(
ντ
τ
)
(4.1)
Quarks :
(
u
d
)
,
(
c
s
)
,
(
t
b
)
(4.2)
The forces between the matter particles are mediated by spin 1 bosons:
electromagnetism by the massless photon γ, the weak interactions by the
massive intermediate W±, mW± = (80.404 ± 0.030)GeV and Z0, mZ0 =
(91.1875 ± 0.0021)GeV gauge bosons, and the strong interactions by the
massless gluons [96].
In the SM, neutrinos are postulated to be massless, and only three neu-
trino flavors are counted by CERN’s LEP experiments [96],
Nν = 2.9841 ± 0.0083 . (4.3)
The key objectives of particle physics are to unify these different in-
teractions and to explain the different masses of the matter particles and
massive gauge bosons. The masses of elementary particles are believed to be
generated by the Higgs mechanism. Fundamental scalar Higgs fields acquire
nonzero vacuum expectation values and spontaneously break the electroweak
symmetry. The gauge bosons and fermions obtain their masses by interact-
ing with the resulting vacuum Higgs fields. Furthermore, the SM requires
one complex Higgs field doublet and predicts a single neutral Higgs boson of
unknown mass. Despite extensive searches at LEP and elsewhere, the SM
Higgs boson has not been detected so far, and four LEP collaborations set
a lower bound of 114.4 GeV for its mass [113].
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4.2 Beyond Standard Model
4.2.1 Basics of Supersymmetry
In spite that the SM has been tested extensively by collider experiments and
has been so far well established with an extreme accuracy, it is generally
regarded not as a final theory but as a low energy effective theory because
of unresolved theoretical issues such as the origin of mass, the scale of gauge
unification, observation of neutrino oscillations, baryon asymmetry and the
nature of dark matter.
In the SM, the Higgs sector responsible for generating the masses of the
W and Z bosons, quarks and leptons has not been discovered yet. Further-
more, the Higgs boson is the only scalar field in the SM, and the radiative
quantum corrections to mH are quadratically divergent:
δm2H ' O(
α
pi
)Λ2 (4.4)
If the cutoff Λ, which represents a scale where new physics beyond the SM
appears, is comparable to the GUT or Planck scale 1 (see Fig.4.1), the
radiative corrections to the Higgs mass, expected to be of order of the elec-
troweak scale MW ∼ 100 GeV, will destroy the stability of the electroweak
scale. Therefore, some new mass scale beyond the SM must exist and the
loop corrections to the Higgs mass are naturally of order of this scale. This
is known as the hierarchy problem linked to the enormous difference between
electroweak and Plank energy scales.
If SUSY exists at the weak scale, MSUSY ∼ 1 TeV, it provides a solution
to the hierarchy problem because it introduces an equal number of bosons
and fermions with spin different by one half, which give opposite signs in
loop corrections and so cancel the quadratic divergences according to,
δm2H ' O(
α
pi
)[(Λ2 −m2B)− (Λ2 −m2F )] = O(
α
pi
)(m2B −m2F ) , (4.5)
which is ≤ m2H,W and hence naturally small if the supersymmetric partner
bosons B and fermions F have similar masses:
|m2B −m2F | ≤ 1TeV2 . (4.6)
This is the best motivation for finding supersymmetry as an extension of
the SM at relatively low energy scales [97].
Another reason for supersymmetry comes from the unification of gauge
couplings at a scale MU ∼ 2 × 1016 GeV [98] as shown in Fig. 4.1. It is a
strong hint in favor of Grand Unified Theories (GUTs) which predict gauge
coupling unification below the Planck scale.
1Mpl =
p
(~c)/GN =
p
0.197GeV · fm/6.673 × 10−11J · m · kg2 = 1.2 × 1019GeV/c2
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Figure 4.1: Unification of the gauge coupling constants in the SM and SUSY.
The extrapolation of the coupling strengths based on only SM does not
match to a unified value without supersymmetry (left). If supersymmetry
exists, the gauge coupling constants can be unified at a scale Q ∼ 2 ×
1016 GeV. Here αi=1,2,3 are the coupling constants of electromagnetic, weak
and strong interactions respectively, and 1/αi ∝ log Q2 due to radiative
corrections.
SUSY[99] is the maximal possible extension of the Lorentz group. It has
fermionic generators Q, Q¯ which satisfy,
{Q, Q¯} = −2γµP µ , (4.7)
[Q,P µ] = {Q,Q} = {Q¯, Q¯} = 0 (4.8)
where P µ is the momentum operator and γµ are the Dirac matrices. There-
fore SUSY relates particles with the same mass and other quantum numbers
differing by ±1/2 unit of sign,
Q|boson >= |fermion >, Q|fermion >= |boson > . (4.9)
The minimal supersymmetric extension of the Standard Model (MSSM)
is defined by the particle content and gauge couplings required by super-
symmetry and a gauge-invariant superpotential. The MSSM contains the
minimal field content necessary to give rise to all the fields of the SM. In the
MSSM [100] each chiral fermion fL,R has a scalar sfermion partner f˜L,R, and
each massless gauge boson Aµ with two helicity states ±1 has a massless
spin 1/2 gaugino partner with helicities ±1/2. It introduces two complex
Higgs doublets (H, H¯) with opposite hypercharges in order to give masses
to all the matter fermions, whereas one Higgs doublet would have sufficed in
the Standard Model. After electroweak symmetry breaking, three of these
states disappear as the longitudinal components of the weak gauge bosons,
leaving five physical Higgs states: two neutral CP-even scalar Higgs bosons
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h and H, one CP-odd neutral pseudoscalar state A, and two charged Higgs
bosons H±. Any known SM particles can be paired up in supermultiplets
as seen in the table below.
Particles Spin Spartner Spin
quark : q 12 squark : q˜ 0
lepton : l 12 slepton : l˜ 0
photon : γ 1 photino : γ˜ 12
W 1 wino : W˜ 12
Z 1 zino : Z˜ 12
gluon : g 1 gluino : g˜ 12
higgs : H 0 higgsino : H˜ 12
Table 4.1: Standard Model particles and their supersymmetric partners
The two Higgs doublets couple via an extra coupling called µ, and the ratio
of Higgs vacuum expectation values is defined as
tanβ ≡ < H¯ >
< H >
(4.10)
which is treated as a free parameter. It is traditional to take mA as a free
parameter together with tanβ and they determine the masses of all the other
Higgs bosons at tree level,
m2H± = m
2
A + m
2
W (4.11)
m2h,H =
1
2
(
m2A + m
2
Z ∓
√
(m2A + m
2
Z)
2 − 4m2Zm2Acos22β
)
. (4.12)
If the mA  mZ , it follows that mH ' mH± ' mA and cosα ' 1. How-
ever, these relations are significantly modified at the loop level and become
strongly dependent on the supersymmetric parameters in the stop and sbot-
tom sectors [101].
In order to justify the absence of interactions which can be responsible for
extremely rapid proton decay, R-parity conservation is commonly introduced
in the MSSM. The R-parity [102] is defined in terms of baryon (B), lepton
(L) and spin (S) number as,
R = (−1)3B+L+2S . (4.13)
Hence R-parity imposes +1 for all SM particles and −1 for all SUSY par-
ticles. As a consequence of R-parity invariance, SUSY particles must be
produced in pairs, heavier sparticles decay into lighter ones and the lightest
SUSY particle (LSP) is absolutely stable.
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There are several experimental hints in favor of supersymmetry at the
TeV scale. A first hint is that the precision electroweak data favours a light
Higgs bosons weighting less than 135 GeV as predicted in the MSSM [103].
A second hint for new physics at the TeV scale is provided recently by the
anomalous magnetic moment of the muon from the BNL E821 experiment,
which prefer supersymmetry to explain the 2.7σ discrepancy between the
SM theory and the experiment [116]. A third interesting hint comes from
the astrophysical evidence for the cold dark matter which should be sta-
ble, neutral and weakly interacting massive particles weighing less than 1
TeV. This makes the lightest sparticle (LSP) in the MSSM an ideal particle
candidate for cold dark matter [104].
Sparticles have not been observed yet, and one can only set lower bounds
of O(100) GeV on their masses. The entire mass range for the SUSY parti-
cles, which from naturalness arguments is expected not to exceed the TeV
scale, can be studied at the LHC or a future e+e− linear collider in the next
decade.
4.2.2 Supersymmetry Models
If supersymmetry is not broken, it requires particles and supersymmetric
particles to have the same mass, but no supersymmetric particle has yet
been detected. This breaking can be achieved in the MSSM by a soft SUSY
breaking potential which does not destroy the hierarchy between Planck and
electroweak scales.
Anomaly mediated supersymmetry breaking (AMSB) is an attractive
alternative to general gravity mediated scenarios, and all SUSY parameters
can be expressed in terms of low energy parameters such as the Yukawa and
gauge couplings. In this scenario, there is a specific relation between the
gaugino masses: M1 : M2 : M3 = 2.8 : 1 : 7.1. When the neutralino
mass matrix is diagonalized in AMSB, these ratios result in an LSP which
is almost purely wino [105]. Also, due to large values of M3, the gluino and
squarks are predicted to be heavier than other similar scenarios.
Another alternative SUSY breaking mechanism is mediated by gauge
interactions. In the gauge mediated supersymmetry breaking (GMSB) sce-
nario [106], the LSP is a very light gravitino which is the supersymmetric
partner of the graviton carrying the force of gravity. Gravitinos can be viable
candidates for dark matter since they are stable and will rarely collide with
other particles. However, they are very difficult to observe because graviti-
nos do not have the type of weak-force interactions and can only interact
via gravity.
The minimal supergravity model (mSUGRA) scenario [107] with R-
parity conservation is the most popular breaking model for SUSY, where
the sparticles are produced in pairs and the sleptons, the lighter charginos,
and the lighter neutralinos are less massive than gluinos and squarks. In
4.2 Beyond Standard Model 107
the mSUGRA model, the MSSM parameters can be evaluated at the elec-
troweak scale starting from a set of scalar masses, gaugino masses, trilinear
couplings defined at the GUT scale, MU ' 2 × 1016 GeV, i.e. the scale
where U(1)Y and SU(2) coupling constants meet. The number of free pa-
rameters is reduced in this scenario by the following set of assumptions.
  Common gaugino mass m1/2: The soft SUSY breaking gaugino mass
terms are equal to m1/2 at a scale MU .
M1(MU ) = M2(MU ) = M3(MU ) ≡ m1/2 (4.14)
  Common scalar mass m0: The soft SUSY breaking scalar mass terms
contributing to the squark, slepton and Higgs boson masses are equal
to m0 at a scale MU .
M2
Q˜
(MU ) = M
2
u˜(MU ) = · · ·
= M2Hd(MU ) = M
2
Hu(MU ) ≡ m20 . (4.15)
  Common trilinear scalar coupling A0: The soft trilinear SUSY break-
ing terms are all equal to A0 at a scale MU .
At = Ab = Aτ = · · · ≡ A0 (4.16)
Through the renormalization-group equations (RGE’s) of the MSSM, com-
mon gaugino mass parameters (Eq. 4.14) are often expressed,
M1 =
5
3
tan2 θWM2 ' 0.5M2 , (4.17)
M2 =
α2(MZ)
αs(MZ)
M3 ' 0.3M3 , (4.18)
where M1, M2 and M3 are evaluated at the electroweak scale, and α3(MZ)
and α2(MZ) are the SU(3) and SU(2) coupling constants evaluated at the
scale MZ .
Assuming CP conservation in the Higgs sector and minimization of the
Higgs potential, the number of free parameters is reduced to five (four con-
tinuous and one discrete):
m0, m1/2, A0, tan β, sign(µ) . (4.19)
Here, tanβ is the ratio of the neutral Higgs vacuum expectation values at
MZ and sign(µ) is the sign(±1) of the µ, the Higgsino mass parameter
determined by the condition:
µ2 =
m2Hd −m2Hu tan2 β
tan2 β − 1 −
1
2
M2Z , (4.20)
where m2Hu , m
2
Hd
are the soft breaking Higgs mass parameters squared. In a
general mSUGRA assumption, |µ| is usually large so that the light neutralino
is bino-like and the pseudoscalar Higgs mass mA is rather heavy.
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4.2.3 Neutralino LSP
The nature of the LSP in the MSSM is constrained by many observations.
It cannot have a non-zero electric charge or color, otherwise it would have
condensed with baryonic matter to produce heavy isotopes which is in con-
flict with observations. Among the neutral sparticles, sneutrino LSPs have
been excluded by direct dark matter detection experiments [108]. In case
of gravitinos and axions, they are less interesting in a phenomenological
perspective because of too weak interactions, although they cannot be ex-
cluded. Therefore, the lightest neutralino remains an excellent candidate of
nonbaryonic dark matter.
In the MSSM, the neutralinos χ˜0i are linear combination of the neutral
gauge bosons B˜, W˜3 and higgsinos H˜0u, H˜
0
d . In this B˜-W˜3-H˜
0
u-H˜
0
d basis, their
mass matrix is expressed as below,
M =


M1 0 −MZsW cos β MZsW sinβ
0 M2 MZcW cos β −MZcW sinβ
−MZsW cos β MZcW cos β 0 −µ
MZsW sinβ −MZcW sinβ −µ 0

 ,
where M1 and M2 are the bino and wino mass parameters respectively, sW
denotes sin θW (θW is the Weinberg angle), and tanβ is the ratio of the
vacuum expectation values of the up and down Higgs doublets. It can be
diagonalized to give four neutral Majorana femionic mass eigenstates,
χ˜0i (i = 1, 2, 3, 4) = Ni1B˜ +Ni2W˜3 +Ni3H˜
0
u +Ni4H˜
0
d . (4.21)
The four neutralino mass eigenstates are typically labeled χ˜01, χ˜
0
2, χ˜
0
3 and
χ˜04 as ordered with increasing mass, and their coefficients in Eq. 4.21 can be
normalized such for the lightest neutralino χ˜01,
4∑
j=1
|N1j |2 = 1 . (4.22)
The properties of the neutralino depend on whether it consists mainly of
gaugino(j = 1, 2) or higgsino(j = 3, 4) components. Therefore, it is useful
to define the gaugino and higgsino fraction respectively as
fG =
2∑
j=1
|N1j |2 (4.23)
and
fH =
4∑
j=3
|N1j |2 . (4.24)
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4.3 Neutralino Dark Matter in the mSUGRA
The mSUGRA model is selected as a supersymmetry breaking scenario be-
cause of its simplicity while the MSSM has over 100 free parameters. The
neutralino LSP in mSUGRA can be neutral, weakly interacting, and abso-
lutely stable, providing a natural solution for the cold dark matter prob-
lem. However, neutralino dark matter scenarios are constrained by cos-
mology, because dark matter densities are determined by thermal freeze-
out in the early Universe, and its relic densities cannot exceed the known
ΩCDMh
2 = 0.112 ± 0.009.
In addition to the proper relic density, various constraints from acceler-
ator data can be included. In particular, constraints from the absence of
the Higgs and new particles at LEP, the agreement of b→ sγ, Bs → µ+µ−
branching fractions, the anomalous magnetic moment of the muon (gµ − 2)
with predictions of the SM.
4.3.1 Constraints on the mSUGRA Parameter Space
In order to scan the mSUGRA parameter space, the relic dark matter den-
sity is calculated to be consistent with recent WMAP data. Other strong
constraints on mSUGRA models include the lower bounds on Higgs boson
and sparticle masses, the branching ratio of the b → sγ decay, the upper
bound on the branching ratio of Bs → µ+µ−, and the measurements of the
muon anomalous magnetic moment (gµ − 2).
Relic Density
The neutralino relic abundance Ωχh
2 is essentially given by
Ωχh
2 ≈ 3 × 10
−27 cm3/s
< σann. v >
, (4.25)
where < σann. v > is the thermal-average of the product of the neutralino
annihilation cross section and velocity, integrated from the freeze-out tem-
perature in the early Universe down to the present. The calculation of σann.
relies on the full set of available final states such as fermion pairs, Higgs bo-
son pairs, one Higgs boson and one gauge boson, and pairs of gauge bosons.
A combination of the recent three years of WMAP data on the CMB
anisotropies combined with the matter power spectrum of galaxy clustering
from the 2dF Galaxy Redshift Survey (2dFGRS), leads to tight constraints
on the determination of the relic density [4]. Assuming a flat Universe
ΛCDM cosmology, the neutralino relic abundance has been measured
ΩCDMh
2 = 0.1040+0.0045−0.0062 (4.26)
and provides a powerful constraint for any model of particle physics that
includes a candidate for cold dark matter. The calculation of the relic density
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is based on solving the density evolution equation of the LSP, and it needs
the evaluation of the thermally averaged cross-section for LSP annihilation
as well as co-annihilation with the next-to-lightest supersymmetric particle
(NLSP). In the mSUGRA model, annihilation of the LSPs near a Higgs
or Z resonance and/or co-annihilation processes are often the dominant
reactions where Ωh2 ≈ 0.1. For an accurate calculation of the relic density,
it is very important to have the exact relations between particle masses.
In particular, the direct annihilation of a pair of neutralinos depends on
the mass difference with the Higgs or Z, 2m
χ˜0
1
−MH/Z near a Higgs or Z
resonance, and co-annihilation processes strongly depend on the NLSP-LSP
mass difference.
The micrOMEGAs program [109] is a specific tool to calculate the relic
density of dark matter in a generic model of particle physics. It solves the
density evolution equation numerically with an accuracy at the percent level
and includes all annihilation/co-annihilation cross-sections from CalcHEP
[110]. Furthermore, loop corrections to all sparticle masses are implemented
by a call to Suspect [111] which calculates the supersymmetric and Higgs
particle spectrum using the RGEs. The higher-order corrections are essential
because the annihilation cross-section can be very sensitive to the mass of the
particles that contribute to the various annihilation processes, in particular
near a resonance or in regions of parameter space where co-annihilations
occur.
Mass Limits
The LEP2 data up to center of mass energies of 209 GeV, without observing
any supersymmetric particles, put important constraints on lower mass lim-
its of 87 ∼ 103 GeV in supersymmetric models [112]. Within the framework
of the MSSM, the Higgs mass is increased from its tree level mass which
is below mZ by loop processes involving superpartners, most importantly
top squarks. The present experimental bound for a SM-like Higgs boson
is 114.4 GeV at 95% confidence level [113] and it directly constrains the
lightest Higgs boson as well as the masses of top squarks and other spar-
ticles. The results of Higgs searches exclude large regions at low m0 and
m1/2 at low tanβ, and strengthen the neutralino bound to mχ˜0
1
> 45 GeV.
The current absolute lower mass limit for the lightest neutralino is reported
by the ALEPH experiment at LEP to be 50 GeV in the framework of the
constrained MSSM [114]. Generally, the lightest neutralino can be only
detected indirectly in accelerator experiments through the missing energy
and momentum it would carry away from the interaction region. Limits
for charged sleptons can be used to indirectly limit the possible masses for
sneutrinos beyond the invisible Z decay width constraints.
  Lower bound on the Higgs : mh > 114.4 GeV at 95% CL [113].
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  Lower bounds on SUSY particle masses [112]
– Neutralino LSP : mχ˜0
1
> 50 GeV
– Chargino : mχ˜±
1
> 103.5 GeV provided mν˜ > 300 GeV
– Sleptons : me˜ > 100 GeV, mµ˜ > 95 GeV, mτ˜ > 87 GeV pro-
vided ml˜ −mχ˜01 > 10 GeV
– Squarks : mt˜1, b˜1 > 95 GeV provided mt˜1, b˜1 −mχ˜01 > 10 GeV
– Sneutrinos : mν˜ > 94 GeV provided mν˜ −mχ˜0
1
> 10 GeV
Anomalous Magnetic Moment of the Muon: (gµ − 2)
The muon magnetic moment is related to its intrinsic spin by the gyromag-
netic ratio gµ:
~mµ = gµ (
q
2m
) ~S , (4.27)
where gµ = 2 is expected for a structureless, spin 1/2 particle of mass m and
charge q = ±e. The radiative corrections introduce an anomalous magnetic
moment defined by
aµ =
1
2
(gµ − 2) . (4.28)
The anomalous magnetic moment of the muon, aµ, has played an important
role in the development of the SM. The SM prediction for aµ depends on
the evaluation of QED contributions, the hadronic vacuum polarization and
light-by-light (LBL) contributions. The uncertainty on the SM prediction
is dominated by the hadronic vacuum polarization, and its evaluation using
e+e− and τ decay data give different results. Using e+e− annihilation data,
the latest theoretical estimate is given by [115],
a(SM)µ = (11 659 182.8 ± 6.3had ± 3.5LBL ± 0.3QED+EW) × 10−10 . (4.29)
The SM prediction can be compared with the final result from the experi-
ment E821 at BNL [116],
a(Exp.)µ = (11 659 208.0 ± 6.3) × 10−10 . (4.30)
The difference between the experimental determination of aµ and the present
SM evaluation is leading to an estimated discrepancy [116][117],
a(Exp.)µ − a(SM)µ = (22.4 ± 10) to (26.1 ± 9.4) × 10−10 , (4.31)
equivalent to a 2.2-2.7 σ effect. While it would be premature to regard this
deviation as a firm evidence for new physics, it might give an indication of
a preference for non-zero supersymmetric contributions. In this thesis, the
2 σ range is estimated to be 6.8 < δaµ × 1010 < 43.6. In the mSUGRA
model, the sign of µ > 0 is favored by the measurement of the anomalous
magnetic moment of the muon.
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Rare Decay : b → sγ
The decay b → sγ proceeds through a process of flavor changing neutral
current. It is now widely appreciated that the b → Xsγ inclusive branching
fraction is potentially sensitive to new physics beyond the standard model
as charged Higgs bosons and supersymmetric particles may contribute in
the penguin loop [118]. Since this decay occurs at the loop level in the SM,
the MSSM contribution might be of similar magnitude. A recent theoretical
estimation of the SM contribution to the branching ratio is given below
including complete NLO calculation [119],
BR(b → sγ)SM = (3.70 ± 0.46) × 10−4 , (4.32)
and the error is dominated by higher-order QCD uncertainties. For compar-
ison, the Heavy Flavour Averaging Group (HFAG) [120] recently reported
using measurements from BaBar, Belle and CLEO experimental results,
BR(b → sγ)exp. = (3.55 ± 0.24+0.09−0.10 ± 0.03) × 10−4 , (4.33)
where the errors are combined statistical and systematic errors. The last two
errors are estimated to be the difference of the average as varying the central
value of each experimental results by±1σ. The good agreement between the-
oretical calculation and experimental value imposes important constraints on
SUSY models. For this implementation, parameters are chosen falling within
the 95% confidence level range: 2.87× 10−4 < Br(b → sγ) < 4.21× 10−4.
There is a tendency that the predicted value of the branching fraction is
larger than the experimental value at µ < 0, while the predicted value is
smaller than measured at µ > 0.
Rare Decay : Bs → µ+µ−
The rare decay Bs → µ+µ− is highly suppressed in the SM with the branch-
ing ratio of [121]
BR(Bs → µ+µ−) = 3.5 × 10−9 . (4.34)
However, rare Bs decays can be significantly enhanced in many scenarios
beyond the SM. The current experimental upper bound from a combination
of CDF and D0 experiments at Fermilab is [122]
BR(Bs → µ+µ−) < 1.5 × 10−7 , (4.35)
at 95% confidence level, and it is approximately a factor of 50 larger than
the SM branching ratio. It puts more stringent limits in exploring mSUGRA
parameter space especially in case of large tan β because it grows like tan6 β
[123].
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SUSY corrections to electroweak observables : ∆ρSUSY
The propagator corrections from squark loops to the electroweak observables
can be attributed, to a large extend, to the correction of the ρ parameter
[124], which measures the relative strength of the neutral to charged current
processes at zero momentum transfer. This is similar to the SM, where
the top-bottom contribution to the precision observable is proportional to
their contribution to the deviation of the ρ parameter from unity. Precise
measurements of SM electroweak observables allow to set the limit ∆ρ <
2× 10−3 [125].
4.3.2 Standard Model Input Parameters
As well as the SUSY breaking input parameters, the bottom mass mb, the
strong coupling constant αs(MZ), and the top mass mt can all have a strong
effect on mSUGRA predictions. The running bottom quark mass in the
modified minimal subtraction scheme,
mb(mb)
MS = (4.2 ± 0.2) GeV , (4.36)
the pole mass of the top quark [126],
mt = (172.5 ± 2.3) GeV , (4.37)
and the strong coupling constant in the modified minimal subtraction scheme
at MZ ,
αs(MZ)
MS = 0.1187 ± 0.002 (4.38)
are taken from Ref.[127].
4.3.3 Combination of Constraints
Together, these constraints can be very powerful to scan the mSUGRA
parameter space, and the interplays of all these constraints in the (m1/2,m0)
planes for tan β = 10 and 50 are illustrated in Fig. 4.2 and Fig. 4.3. It is
fairly easy to see which constraint rules out which part of the parameter
space. It shows the impact of cosmological constraints on the relic density
which allow the long and narrow strip region, and collider constraints from
LEP2 searches such as on Higgs, charginos and selectrons, as well as rare
decays and (gµ − 2) constraints.
In Fig. 4.2 and Fig. 4.3, the upper-left pad shows the computed relic
density as a function of the neutralino LSP mass, and the red (light) and
the blue (dark) points denote the gaugino fraction with fG > 0.98 and
0.02 < fG < 0.98 respectively. Two dot-lines indicate the cosmologically
preferred range between 0.0915 < Ωh2 < 0.1129. The black strips (upper-
center) in low m1/2,m0 planes indicate a preferred region from the WMAP
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and the 2dFGRS constraints. The low m0 and high m1/2 blank area is
ruled out by the fact that the LSP is charged and the high m0 and low
m1/2 blank area is excluded by a combination of LEP2 constraints and the
correct electroweak symmetry breaking (EWSB). The middle-left pad shows
the contribution of SUSY to electroweak observables. In the middle-right
pad, the dark region (dark color) imposes the (gµ − 2) allowed region, the
lower-left pad gives a constraint from rare decay rate b→ sγ excluding the
low m1/2 region. The constraint from the Bs → µ+µ−(lower-right) does not
contribute for low tanβ = 10, while it makes an effect at high tanβ = 50.
It is worth mentioning that the neutralino dark matter models with relic
densities lower than the WMAP measurements are not ruled out, although
evidently they cannot make up all the cold dark matter.
4.3 Neutralino Dark Matter in the mSUGRA 115
 [GeV]    0
1
χ m
210 310
 
 
 
 
 
 
2
 
h
Ω
 
-310
-210
-110
1
10
210
LSP vs. m
2
 hCDMΩ
 [GeV] 1/2 m
200 400 600 800 1000 1200 1400 1600 1800 2000
 
 
 
[G
eV
] 
0
 
m
0
500
1000
1500
2000
2500
3000
0
10
20
30
40
50
60
WMAP3+2dFGRS
2
 hCDMΩ
 [GeV] 1/2 m
200 400 600 800 1000 1200 1400 1600 1800 2000
 
 
 
[G
eV
] 
0
 
m
0
500
1000
1500
2000
2500
3000
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
-310×
 excluded regionSUSYρ ∆
   
SUSYρ ∆
 [GeV] 1/2 m
200 400 600 800 1000 1200 1400 1600 1800 2000
 
 
 
[G
eV
] 
0
 
m
0
500
1000
1500
2000
2500
3000
0
1
2
3
4
5
6
7
-910×
 -2) preferred region
µ
(g
µ a∆
 [GeV] 1/2 m
200 400 600 800 1000 1200 1400 1600 1800 2000
 
 
 
[G
eV
] 
0
 
m
0
500
1000
1500
2000
2500
3000
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
-310×
 excluded regionγ s→b
)γ s X→Br(b 
 [GeV] 1/2 m
200 400 600 800 1000 1200 1400 1600 1800 2000
 
 
 
[G
eV
] 
0
 
m
0
500
1000
1500
2000
2500
3000
0
0.5
1
1.5
2
2.5
3
-910×
 excluded region-µ +µ →sB
)-µ+µ → 
s
Br(B
Figure 4.2: The (m1/2, m0) planes for tan β = 10 using micrOMEGAs 1.36
linked with a public SUSEPCT 2.36 supersymmetic spectrum code assuming
A0 = 0, mt = 172.5 GeV and mb(mb)
MS = 4.23 GeV. The color bars show
the derived values for the various quantities. Upper-left plot shows the
relic abundance as a function of the lightest neutralino mass. The bino-like
neutralino LSPs are shown as red points and the higgsino-like LSPs as blue
points. The upper-right pad shows the relic density in the (m1/2, m0) plane
and the black stripped regions satisfy the relic abundance from WMAP
constraint. The SUSY contribution to the electroweak observables is shown
in the middle-left pad. In the middle-right pad, there are sizable region
preferred by the measurement of (gµ − 2). The black region in the lower-
left pad is excluded by the constraint on the branching ratio for radiative
b → sγ decays. The constraint from the Bs → µ+µ− does not contribute
for low tanβ = 10 in the lower-right pad.
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Figure 4.3: As in Fig. 4.2, but now for tanβ = 50. Compared to low tanβ,
the sizable preferred regions from the (gµ − 2) expand to larger regions of
parameter space. For tanβ = 50, the b → sγ and Bs → µ+µ− constraints
become stronger and exclude larger regions.
4.4 mSUGRA Scans 117
4.4 mSUGRA Scans
Assuming that most of the cold dark matter is composed of neutralino LSPs,
the mSUGRA parameter space compatible with WMAP has been scanned
and investigated several benchmark regions [128]. Within the mSUGRA
framework, the expectation for the relic density of the neutralinos is only
compatible with WMAP constraints if neutralinos have a significant Hig-
gsino component, have a mass close to half that of a heavy Higgs boson, or
can efficiently coannihilate with a charged particle. The proposed bench-
mark regions are divided into the bulk regions at low m1/2 and m0, the
co-annihilation tails extending to larger m1/2, the rapid annihilation funnels
where both m1/2 and m0 are large, and the focus-point region at very large
m0. For each region, the superpartner spectrum and cosmological observ-
ables, such as thermal relic density, are determined by the software packages
micrOMEGAs(v1.36)[109].
4.4.1 Neutralino Annihilations
Fig. 4.4 shows the processes contributing to neutralino annihilations into
fermion pairs, gauge boson pairs, W± and Higgs or a pair of Higgs bosons,
and photons at one loop level. Neutralinos can annihilate to fermion pairs by
three tree level diagrams via t-channel exchange of sfermions, and s-channel
exchange of pseudoscalar Higgs and Z-bosons (see Fig. 4.4(a)). In these
tree level diagrams, annihilation amplitudes are proportional to the final
state fermion mass, and neutralino annihilation into fermions will be domi-
nated by heavy final states, bb¯, τ+τ− and tt¯ if kinematically allowed. Also,
neutralinos can annihilate into gauge boson pairs by t-channel exchange of
charginos or neutralinos (see Fig. 4.4(b)). It is useful to note that only
pure-higgsinos or mixed neutralinos can efficiently annhilate by s-channel,
while pure-gaugino neutralinos have a no S-wave annihilation amplitude.
There are many tree level diagrams which contribute to neutralino anni-
hilation into a gauge boson and a Higgs boson, or Higgs boson pairs by
neutralino, Z gauge boson, chargino and pseudoscalar Higgs exchange as
shown in Fig. 4.4(c,d and e). In the low velocity limit, there are no neu-
tralino annihilations to H+H−, hh, HH, AA or ZA. Although there are
no tree level processes for neutralino annihilations into photons, loop level
processes to γγ and γZ are very interesting because they may provide a
spectral line feature observable in indirect detection experiments. All rele-
vant one-loop diagrams for neutralino annihilations to a pair of photons are
shown in Fig. 4.4(f).
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Figure 4.4: Feynman diagrams of neutralino pair annihilations [130]. Tree
level diagrams for neutralino annihilation into f f¯ (a), W+W− or ZZ(b), Z
and h(H,A) (c), W,H+ or hh(HH,AA) (d), Ah(H)(e), and γγ(Z) at one
loop level (f).
4.4 mSUGRA Scans 119
4.4.2 Bulk region
Just prior to WMAP, the mSUGRA was compatible with the limit Ωh2 ∼
0.1 − 0.3 and other collider data in a large region of parameter space called
the bulk region [133]. The viable region lies in the bulk of the cosmological
region at moderate values ofm1/2 andm0 (see Fig. 4.5). The neutralino is an
almost pure gaugino-like LSP and annihilates dominantly through χχ→ f f¯
through a t-channel scalar f˜ . This bulk region is continuously connected to
the co-annihilation tail region at low m0 and m1/2. However, combined
with WMAP constraints, the large bulk region is no longer viable and has
shrunk in size. Furthermore, it disappears if the world average mass of the
top quark is reduced to near its current value of 170.9 GeV with a relative
precision of 1.1% [126].
4.4.3 Focus-Point region
The neutralino LSP has a significant higgsino fraction at large scalar masses
(m0 ∼ TeV) near the boundary of the radiative electroweak symmetry
breaking excluded region (see Fig. 4.5) where |µ| becomes small from large
positive to negative values [136]. This region features relatively heavy squarks,
sleptons and heavy Higgs scalars, while the charginos (χ˜±1 ) and the next-to-
lightest neutralinos ( ˜χ02,3) are fairly light and the gluino is lighter than the
squarks. In view of this behaviour, the discovery of squarks, sleptons, and
heavy Higgs scalars may be extremely challenging at the LHC. Compared
with the bulk region, the dominant annihilation channels by exchange of
scalar f˜ are suppressed due to heavy squarks and sleptons, but the process
χχ → tt¯, W+W− and χχ → ZZ, become efficient as shown in Fig. 4.5
(Lower-Left). Also, there exists co-annihilation channels with the NLSPs
even it is not too efficient. In the focus point region, a precise calculation of
the relic density is strongly sensitive to two-loop corrections proportional to
the top Yukawa coupling and may cause an uncertainty up to 100% [137].
4.4.4 Co-annihilation tails region
At low values of m1/2, the WMAP allowed regions are restricted by experi-
mental constraints such asmh, mχ±, and b → sγ, whereas at the high values
of m1/2 the strips are truncated by the relic density. In mSUGRA at small
m0 and high m1/2 (see Fig. 4.5), there exists a region with almost degen-
erated τ˜1 − χ˜01. Low relic abundance can arise from a rapid co-annihilation
between the χ˜01 LSP and the almost mass degenerate τ˜1 NLSP [131] along
the boundary dividing neutralino and lightest stau(τ˜1) LSP regions. When
the co-annihilation takes place through the τ˜1χ˜01 → τγ process, the relic
density can be brought down to the required WMAP level.
120
The approximate formulae for the neutralino mass and the τ˜1 mass in the
mSUGRA model suggest that the degeneracy occurs for m0 ∼ 0.145 m1/2
[132]. For µ > 0, tan β = 10 and A0 = 0, the slope in the m0, m1/2 plane is
in good agreement with the theoretical approximation as shown in Fig. 4.5,
m0 = 20.86 + 0.1573 × m1/2 + 5.125 · 10−5 × m21/2 , (4.39)
where the masses are expressed in the unit of GeV and the allowed range of
m1/2 is within 480 ≤ m1/2 ≤ 960 GeV.
Along this slope, co-annihilation processes reduce the relic density to
the required WMAP level. The mass difference between neutralino LSPs
and stau NLSPs along the co-annihilation slope which are compatible with
WMAP constraints, is shown in Fig. 4.7. For values of ∆M ∼ 8 GeV,
co-annihilation starts and it decreases to less than 1 GeV for the higher
τ˜1 masses. It is also valuable to note that although χ˜
0
1τ˜1 co-annihilation
is important, it never makes up more than 50% of the overall contribution
to the total annihilation processes [132]. Because as ∆M decreases to the
order of a few GeV, there are also co-annihilation channels involving the
selectron and smuon co-annihilations. Also, as increasing the parameter
of tanβ this co-annihilation region has expanded because of large τ and
b Yukawa couplings which results in a reduction of stau and sbottom soft
breaking massses via REG running [134].
4.4.5 Rapid Annihilation funnels region
The rapid annihilation funnels occur for very high tanβ ∼ 45 − 60 and
broad ranges of m1/2 and m0 (see Fig. 4.9). It provides an important impact
on the phenomenology in the Higgs section, because the couplings of CP-
odd Higgs A to bb¯ and τ+τ− are significantly enhanced via s-channel Higgs
exchange, resulting in large production cross sections for the Higgs boson and
lower relic density [135]. Therefore around mA ≈ 2mχ˜0
1
(see Fig. 4.8), the
neutralino annihilation through the pseudo-scalar Higgs resonance strongly
suppress the relic density by the enhancement of the coupling Abb¯ which
is proportional to the bottom Yukawa coupling. However, special attention
must be paid to the computation of the width of the pseudo-scalar Higgs
which receives sizable radiative corrections. Because two-loop corrections to
the bottom Yukawa coupling are still unknown and may cause an uncertainty
of up to 30% [137].
As shown in the Fig. 4.9, the funnel region appears at tan β = 50 and in
the intermediate areas of m0 = 500 ∼ 1500 GeV, m1/2 = 500 ∼ 1500
GeV in the (m0, m1/2) parameter space, where thin strips are consistent
with the WMAP3 and the 2dFGRS constraints on relic density. For µ > 0,
tan β = 50 and A0 = 0, the slope in the (m0, m1/2) plane can be parame-
terized by a quadratic polynomial fit within 560 ≤ m1/2 ≤ 1600 GeV,
m0 = 207.5 + 0.186 × m1/2 + 7.466 · 10−4 × m21/2 , (4.40)
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where the masses are expressed in GeV units.
The dominant annihilation cross section to bottoms scales as,
σ ∼ m
2
χm
2
b
m2W (4m
2
χ − m2A)2
N211N
2
13 tan
2 β , (4.41)
where N11,13 are the bino and higgsino components of the LSP. Fig. 4.10
shows that the main neutralino annihilation processes are almost bb¯ and τ τ¯
in the rapid funnel region. Typically the annihilation into b b¯ constitutes
more than 80 % through the enhanced couplings of heavy Higgs to b b¯.
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4.4.6 Parameterization of WMAP Lines
As seen in the benchmark point regions, the WMAP results give the most
strong constraint on mSUGRA model parameters. The accepted parameters
space enforced by WMAP is easily expressed by simple quadratic param-
eterizations as a convenient summary of the correlations between m0 and
m1/2 (see Fig. 4.11).
For A0 = 0 and µ > 0, the m0 values can be well approximated by a
quadratic polynomial using m1/2 in powers at given tanβ:
m0 = a0 + a1m1/2 + a2m1/2
2 (4.42)
ai = f(tanβ) (4.43)
The coefficient ai is a function of the tanβ and the masses are given in unit of
GeV. Especially in the bulk and continuously connected co-annihilation tail
regions, the f(tanβ) is a polynomial function and the ai’s can be interpolated
as shown in Fig. 4.12. One can use higher order to obtain increased accuracy
for the interpolated function.
In the case of the focus points region at large m1/2 (see Fig. 4.5),
tan β = 10 : m0 = 1289 + 3.619 ·m1/2 + 4.485 · 10−4 ·m21/2 , (4.44)
When tan β = 50, a rapid funnel appears and it can be parameterized as,
tanβ = 50 : m0 = 207.5 + 0.186 ·m1/2 + 7.466 · 10−4 ·m21/2 , (4.45)
where the fit is applied only to the top branch of the rapid funnels region
(see Fig. 4.9).
For µ < 0, one gets the following parameterizations,
tanβ = 10 : m0 = 16.92 + 0.1725 ·m1/2 + 3.874 · 10−5 ·m21/2 (4.46)
tanβ = 35 : m0 = 88.65 + 0.2032 ·m1/2 − 5.490 · 10−5 ·m21/2 .(4.47)
Within the mSUGRA model, the lightest Higgs boson is indeed SM-like,
so that corresponding SM Higgs search from LEP can be taken over di-
rectly. For low tanβ (see Fig. 4.13), especially at tan β = 5, it is clear that
the WMAP allowed regions can be excluded by using the new experimen-
tal top-quark mass, mt = 172.5 ± 2.3 GeV instead of old preferred range
mt = 178.0±4.3 [138]. Because the leading supersymmetric radiative correc-
tions to mh are proportional to m
4
t ln(m1/2/mt) [117]. Hovever, the current
intrinsic theoretical error in computing mh due to unknown higher-order
corrections has been estimated to be [139]
∆mintr.h = 3 GeV. (4.48)
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Figure 4.11: The color-bar strips display the relic density Ωχh
2 < 0.3,
in the m0, m1/2 plane. The thin-dark(black) strips are compatible with
0.094 < Ωχh
2 < 0.129 in the bulk, co-annihilation tail, rapid funnel
annihilation and focus regions, for µ > 0 and tanβ = 5, 10, 15, 20, 25, 30,
35, 40, 45, 47, 50 and 55 from top-left to bottom-right direction. For given
tanβ and m1/2, lower values of m0 genrally have lower Ωχh
2. At smaller
values of m1/2 along the WMAP lines are excluded by b→ sγ, Bs → µ+µ−
and mh.
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4.4.7 Galactic Dark Matter Halo Profile
One quarter of the energy density of the universe is gravitationally clustered
in halos surrounding visible galaxies. According to the results of N-body
numerical simulations, the galactic dark matter halo profile is expected to
grow as a power-law and asymptotes to a central cusp ρ(r) ∝ r−γ ,
ρ(r) ∝ ρc
(r/a)γ [1 + (r/a)α](β−γ)/α
(4.49)
where ρc is the critical density and a is a dimensional parameter related
to the core radius of the halo. There are several density curves which
are compatible with observations and which can be expressed as a func-
tion of (α, β, γ). The isothermal profile with a constant density core is
given (α, β, γ) = (2, 2, 0), the Navarro-Frenk-White (NFW) model [140]
(α, β, γ) = (1, 3, 1) and Moore profile [141] (α, β, γ) = (1.5, 3, 1.5) or
(1,3,1.16). The scale radius a and the density parameter ρc can be deduced
by observations and by theoretical considerations that allow to determine
the concentration parameter c = rvir/a, where rvir is defined as the radius
within which the halo average density is 200ρc [142].
Fig. 4.14 shows the comparision of the dark matter density profiles which
is normalized to a local density of 0.3 GeV/cm3 at a distence of 8.5 kpc
from the galactic center. All of these profiles are capable of reproducing
the observed rotation curvers of most galaxies over a large range of radii,
but have quite different behaviour at very small or very large radii. In this
thesis, the conservative isothermal core profile is used to study the dark
matter annihilation signals. However, it is worth mentioning that a large
number of overdense regions can survive until today. Therefore it is not
unlikely that the local halo density may be significantly different from the
local average value.
4.4.8 Comparison of the Spin-Independent Cross Section with
the Experimental Upper Limit
A number of experiments have made rapid progress in the direct detection of
supersymmetric dark matter via scattering on nuclei in deep underground,
low background experiments. The experiments aim to detect nuclear re-
coil signals based on ionization, scintillation, low temperature phonon tech-
niques or some combination of them. Recently, the Cryogenic Dark Matter
Search (CDMS II) has improved the upper limits on the WIMP-nucleon spin-
independent elastic scattering cross section (σSIp ) down to 1.6 × 10−43 cm2
for a WIMP mass of 60 GeV [143]. The XENON10 experiment at the Gran
Sasso National Laboratory set a new upper limit for the cross section (σSIp )
of 8.8 × 10−44 cm2 for a WIMP mass of 100 GeV and further constrains
predictions of supersymmetric dark matter models [144].
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The various experimental and cosmological constraints on the mSUGRA
models are displayed in the (m0, m1/2) planes in Fig. 4.5 and Fig. 4.9.
The σSIp is calculated by using the DarkSUSY codes. The WMAP and
BR(b → sγ) allowed regions are only considered and compared with the
latest CDMS II and XENON10 results together with the projections from
XENON10(100) experiments. As shown in Fig. 4.15, the upper experimen-
tal limits on σSIp start excluding some of the mSUGRA parameter space.
The projected limits from the XENON10(100) experiment are expected to
increase the sensitivity by one order of magnitude and enhance the prospects
for a near future direct discovery of neutralino dark matter [145]. The direct
searches for supersymmetric dark matter are just beginning to reach inter-
esting sensitivities. However, an improvement over the present sensitivity
would begin to challenge the preferred region of the mSUGRA parameter
space especially the focus point region.
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Upper flat points are allowed from the focus point region and the decreasing
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4.5 Search Methods for Neutralino Annihilation
In addition to the direct detection of neutralinos, indirect detection experi-
ments are underway to attempt to observe the neutralino annihilation prod-
ucts such as cosmic positrons, antiprotons and gamma rays in the galactic
halo and center. To observe the gamma rays, experiments should be done
in space because most of the interesting gamma rays produced from neu-
tralino annihilations have an energy less than several hundered GeV. They
will lose most of energy via e+e− pair production with Earth’s atmosphere
before reaching the ground. Evidence of neutralino annihilations may also
be observed in the spectra of cosmic positrons or antiprotons because cos-
mic antimatter seems to be scare in the Universe with no primary sources.
Unlike the gamma rays, these charged particles do not point back to their
sources due to the presence of galactic magnetic fields. To estimate neu-
tralino induced fluxes of positrons, antiprotons and gamma-rays, a public
program package, DarkSUSY 4.1, is used with the link of external programs
such as FeynHiggs 1.2.2 [146] and ISAJET 7.74 [147]. The FeynHiggs codes
calculate the masses and mixing angles of the Higgs sector of the MSSM,
including Higgs decays. The ISAJET codes extract the weak scale super-
symmetric particle mass spectrum and the relative mixings. In the lastest
ISAJET version (7.74), the new modified ISASUGRA SUSY spectrum cal-
culator extracts all running parameters for mixed sparticles (the -inos, third
generation squarks and sleptons) at a common scale (
√
mt˜Lmt˜R), to gain
consistency in implementing the one-loop radiative corrections. The Dark-
SUSY code evaluates the probability for a pair annihilation to take place
locally in space, the production rate of a given species and branching ratios
for the annihilation into a given two-body final state with PYTHIA 6.154
[148] Monte Carlo simulation of the hadronization and decays of that state.
And it propagates the generated fluxes through the galactic magnetic field
from ISM to the solar system including the effect of solar modulation [129].
The production of neutralino-induced positrons and antiprotons is a
function of space coordinates (r, z defined in the galactic rest frame) and
the kinetic energy. It is defined as [149]:
Φe+,p¯(r, z, Te+,p¯) = < σann.v >0 g(Te+,p¯)
(
ρχ(r, z)
mχ
)2
Cprop.(Te+,p¯) ,
(4.50)
where< σann.v >0 denotes the average over the galactic velocity distribution
function of the neutralino pair annihilation cross section multiplied by the
relative velocity, mχ is the neutralino mass, ρχ(r, z) is the mass distribution
function of neutralinos inside the galactic halo and Cprop.(Te+,p¯) is a func-
tion determined by the propagation model. The second term in Eq.(4.50)
denotes the positron or antiproton differential spectrum per annihilation
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event, defined as
g(Te+,p¯) ≡
1
σann.
dσann.(χχ→ e+, p¯+X)
dTe+,p¯
= ΣFBR(χχ→ F)
(
dNFe+,p¯
dTe+,p¯
)
, (4.51)
where F lists the χχ annihilation final-state particles which can subsequently
produce positrons or antiprotons, BR(χχ→ F ) is the branching ratio for the
F production, and dNFe+,p¯/dTe+,p¯ denotes the differential energy distribution
of the positrons or antiprotons generated by F .
The flux of gamma-rays generated from dark matter annihilation and
coming from a direction of an angle φ with respect to the galactic center is
given by
Φγ(Eγ , φ) =
< σann.v >
4pi
g(Eγ)
1
m2χ
∫
lineofsight
ρ2χ(r(lφ))
2
dlφ (4.52)
and depends on the neutralino mass mχ, on its annihilation cross section
< σann.v >0 averaged over its velocity distribution, and on the integral along
the line of sight of the square of the dark matter density. The second term
in Eq.(4.52) denotes a sum over all final states giving different gamma-rays
per annihilation event, defined as
g(Eγ) ≡ ΣFBR(χχ→ F)
(
dNFγ
dEγ
)
. (4.53)
Since there is no tree level direct gamma-ray production from the neu-
tralino annihilation, the gamma-rays are generated from the final-state par-
tons such as pi0 decay in the hadronization of quarks. These processes lead
to a continuous gamma spectrum. At the one-loop level, a monochromatic
γ line can be produced through the process of annihilation into two photons
or a photon and a Z0 boson (χχ → γγ, γZ0). The γγ and γZ0 processes
give the discrete energies
Eγ = mχ or
= mχ
[
1−
(
mZ0
2mχ
)2]
(4.54)
for γγ and γZ0 modes respectively. These processes are of special interest
since no known astrophysical source could generate to GeV to TeV γ-lines.
The observation of such high energy γ-lines would provide a smoking gun
signature of the neutralino dark matter [129],[150].
The minization of the χ2 between the GALPROP background prediction
and the existing data is carried out by MINUIT package [151] with and
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without considering the neutralino-induced cosmic-ray fluxes. The χ2 fits to
the cosmic positron fration, antiprotons and diffuse gamma-rays data may
allow to identify the mSUGRA breaking parameters and derive the entire
set of the weak scale parameters consistent with all relevant constraints.
4.5.1 Neutralino Annihilation to Cosmic Positrons
The high energy positrons which we can observe, are produced within a
few kpc around the solar system becaue they lose their energies during the
propagation, and therefore they contribute mainly to the low energy range
part. If the dark matter distribute evenly in our local galaxy, the rate of
annihilations may be insufficient to produce the observed excess. It has
been suggested that if sufficient clumping were present in the galactic halo,
the rate could be enhanced enough to explain HEAT data. This effect is
parameterized as a boost factor [12], which is defined by a ratio of the signal
fluxes with inhomogeneity and without inhomogeneity. Also, in the CDM
scenario, subhalos that accrete into larger systems are tidally stripped of
a fraction of their mass from which debris streams originate. Their dense
central cores survive the merging event and continue to orbit within the
parent halo. The effect of including subhalos in the Milky Way might lead
the boost factors to more than 104 for expected rates [152].
Comparision with recent data
Recent experimental data taken from HEAT(94+95+00) show in the positron
fraction and an excess above 8 GeV with respect to the extrapolated back-
ground from the GALPROP models. From space-borne and several high
altitude balloon data (AMS-01 [153], TS93 [155], CAPRICE [74], HEAT
[75]), the energy spectra of positron fraction are combined by a weighted
sum between several MeV and 50 GeV [154]. Less than 1 GeV, the positron
fraction is affected from solar modulation but above a few GeV this effect is
negligible. The combined data shows an anomaly at its upper edge where the
background is expected to be decreasing as shown in Fig. 4.16 and the cal-
culated χ2 on these combined data is 47.7 for 13 degrees of freedom, which
coresponds to a probability of 7.2 ·10−6 based on the incomplete gamma
function 2.
To fit the spectral shape of the positron fraction, a χ2 minimization
has been performed using a background function combined with neutralino
2
P(a, x) =
1
Γ(a)
Z x
0
ta−1e−tdt,
where a = n.d.f
2
and x = χ
2
2
. P(a, x) represents the probability that the observed χ2 for
a correct model should be less than the value of χ2.
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Figure 4.16: Combined positron fraction data: (AMS-01 [153], TS93 [155],
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annihilation signals:
χ2 =
∑
i
(
F iBG, BG+SUSY − F iExp.
σi
)2
. (4.55)
The background function FBG and the signal plus background function
FBG+SUSY are defined as
FBG =
(
ΦBG(e+)
ΦBG(e−) + ΦBG(e+)
)
(4.56)
FBG+SUSY =
(
ΦBG(e+) + BF · ΦSUSY (e+)
ΦBG(e−) + ΦBG(e+) + BF · ΦSUSY (e++e−)
)
, (4.57)
where ΦBG(e±) (or ΦBG+SUSY (e±)) is the background (or combined with
SUSY signals) flux of electrons and positrons. The resulting positron flux
from the annihilation is in general too small to produce visible feature.
Therefore, a boost factor BF is introduced to consider the possibility of a
signal enhancement due to the clumpiness of the dark matter halo near the
solar neighborhood.
Fig. 4.17, Fig. 4.18 and Fig. 4.19 show the effects of neutralino pair
annihilations on the positron fraction and the results of the χ2 minimization
using 13 combined data points for tanβ = 10, 30 and 52 respectively. Most
of the neutralinos are bino-like LSPs except at the focus point region where
they are mixed bino-higgsino LSPs in the multi-TeV m0 region. The χ
2 fit
shows the preference to the focus point region regardless of tanβ and the
moderate m0, m1/2 region especially at high tanβ. When the relic density
constraints are imposed on (m0,m1/2) space, the χ
2 distribution is shown as
a function of the neutralino mass at different tanβ (see lower pad of Fig. 4.17,
Fig. 4.18 and Fig. 4.19). The lower (red-color) points present the focus point
region and the upper (black-color) points indicate the co-annihilation as well
as the rapid funnel region extended to the higher neutralino mass. The χ2
minimum resides where the neutralino mass is slightly higher than the W ±
gauge bosons unless tanβ is above 50 and the LSP is a higgsino-like. In
this region, the positron signals extend to the kinematically allowed end
points and then sharply fall down since the dominant annihilation channel
is W+W− which has direct two-body decays into positrons and neutrinos. It
will produce a large positron excess at half of the W mass and has a chance
to match the observed positron excess at the high-energy edge. A sudden
increase of the χ2 around m
χ˜0
1
≈ 170 GeV in the focus point region results
from a change of the dominant annihilation channel from χ˜01χ˜
0
1 → W+W−
to χ˜01χ˜
0
1 → tt¯.
At the large m0 region, especially in the focus point region, the main
neutralino annihilation channels are into fermion pairs or gauge bosons. The
4.5 Search Methods for Neutralino Annihilation 141
fermion pair production proceeds through s-channel exchange of CP-odd
Higgs or Z bosons and the annihilation cross section is proportional to the
square of the fermion mass. The Higgs boson couples to the gaugino-higgsino
combination, whereas Z boson couples only to the higgsino component of
the neutralino LSP. Therefore, fermion pair production is dominant as the
higgsino fraction of the LSP increases. The gauge boson production proceeds
throguh t-channel exchange of charginos and the coupling is enhanced when
the LSP is a mixed bino-higgsino or wino state. At increasing tanβ above
50, gauge boson production is so efficient that the relic density drops below
the WMAP range.
The comparison of the boost factor shows that the generated positron
fluxes in the focus point region are much larger than other co-annihilation
and rapid funnel regions. At both co-annihilation and rapid funnel regions,
the shapes of the spectra are similar. This feature can be understood from
the neutralino annihilation ratios as shown in Fig. 4.6 and Fig. 4.10. In the
co-annihilations region, annihilations between neutralino LSPs and lighter
τ˜ NLSPs are sub-dominant resulting in τ ’s that decay to hard positrons.
The difference of the rapid funnel region for high tanβ is that the dominant
annihilation channel is through A→ bb¯, with some contribution from τ τ¯ as
shown in Fig. 4.10. This reduces the boost factor by two to three orders of
magnitude as displayed in Fig. 4.17 and Fig. 4.19 (upper-right).
Some results of the positron fraction are presented in Fig. 4.20. It shows
the best fit results for increasing tanβ. These points are compatible with
the LEP2 Higgs mass limit, the BR(Bs → µ+µ−), the BR(b → sγ) and
the WMAP constratints. In case of moderate tanβ, the positron fraction
data can be interpreted with a mixed bino-higgsino neutralino from the
focus point region. This feature results from the fact that the dominant
annihilation is into W+W−. At high tanβ, the co-annihilation and the
rapid funnel point regions are similar favorable. The χ2 distribution shows
that those regions are comparable to the focus point region but that it
requres larger boost factors. For the co-annihilation (see Fig. 4.20: lower-
left) and the rapid funnel (see Fig. 4.20: lower-right) regions, positrons come
from secondary decays of τ ’s, µ’s and b’s, and extend to lower energies after
propagation. Therefore this could produce the positron excess especially
around 10 GeV. Furthermore, the rapid funnel points improve the χ2 fit due
to very prominent pseudoscalar Higgs exchange contributions to bb¯ pairs.
On each WMAP allowed region, the χ2 is evaluated for standard back-
ground expectation combined with neutralino dark matter contributions.
The χ2/ndf reduces to 11/12 and its probability under the assumption of
gaussian errors increases to 55% especially in the focus point region where
the dominant annihilation is to W+W−. At increasing tanβ, the boost
factor to fit the data is reduced significantly and the best fit through the
neutralino annihilation to W+W− requires a boost factor BF ' 100 with a
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Figure 4.17: Gaugino fraction of the neutralino LSP (upper-left), χ2 (upper-
middle) and boost factor (upper-right) contours in the the (m0, m1/2) pa-
rameter space for low tanβ = 10. The black stripped points on the upper
pads are compatibile with the relic density constraint. Near the focus point
region, the neutralino LSP has a considerable Higgsino component where as
most of the neutralinos are bino-like LSPs. For the sake of complete χ2 scan,
the full (m0, m1/2) plane is taken into account to compute the signal effect
on the positron fraction and the results of the χ2 minimization are shown
in the (m0, m1/2) plane and as a function of neutralino mass satisfying the
relic abundance at the same time (lower).
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Figure 4.18: As in Fig. 4.17, but now for tanβ = 30.
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Figure 4.19: As in Fig. 4.17, but now for tanβ = 52.
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Figure 4.20: Contribution of the neutralino annihilations to the positron
fraction in mSUGRA models. The measured positron fraction data is the
combination of TS93 (1993), CAPRICE (1994), HEAT(1994+1995+2000)
and AMS-01 (1998) experiments. The background is shown by the solid
(black) line and the dash (red) line shows the neutralino signals. The dash-
dot (blue) line is the sum of the background and neutralino annihilations
after χ2 minimization. (upper-left: focus point at tanβ = 10, upper-right :
focus point at tanβ = 30, lower-left: co-annihilation point at tanβ = 50 and
lower-right: rapid funnel point at tanβ = 52)
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neutralino mass m
χ˜0
1
' 90 GeV for 10 ≤ tanβ ≤ 40.
4.5.2 Neutralino Annihilation to Cosmic Antiprotons
Cosmic antiprotons are also expected from neutralino annihilations inside
our galaxy. The production of antiprotons depends on the hadronization or
decay of quarks or gluons produced by neutralino annihilations. Searches
for antiprotons from neutralino annihilations have been performed by several
balloon-borne experiments focused on sub-GeV energies. The BESS exper-
iment had precisely measured the antiproton spectrum in the range of 200
MeV ∼ 3 GeV and showed a mild excess in the hundreds of MeV range [9].
A contribution from annihilating neutralino dark matter is expected to be
dominant at sub-GeV energies and any spectral distortion in the low energy
range can be a signature of neutralino annihilations. However, it is recently
reported that the CR induced antiprotons may populate also the low energy
region to a larger extent than previously thought, making the extraction of
an eventual SUSY signal much more difficult [156]. Within the experimen-
tal errors, the combined antiproton flux from BESS [9], AMS-01 [82] and
CAPRICE [81] measurements is also in agreement with the standard back-
ground expectation, which assume a purely secondary origin of the cosmic
antiprotons. This motivated the search for other cosmic-ray signatures such
as antideuterons [157].
Comparision with recent data
To fit to the shape of the antiproton flux, the χ2 minimization has been
performed similar as for the positron fraction:
χ2 =
∑
i
(
ΦiBG(p¯) − ΦiExp.(p¯)
σi
)2
(4.58)
For background and for combined with SUSY signals:
χ2 =
∑
i
(
ΦiBG(p¯) + BF · ΦiSUSY (p¯) − ΦiExp.(p¯)
σi
)2
(4.59)
Where BF is a signal enhancement factor due to a clumpy dark halo or a
higher local dark matter density.
Fig. 4.21, Fig. 4.22 and Fig. 4.23 show the χ2 fits over 13 combined data
points and the boost factor in the (m0,m1/2) plane and the χ
2 distribution
as a function of the neutralino mass for different tanβ = 10, 30 and 52
respectively. Similiary to the case of positron fraction, the boost factor is
reduced with increasing tanβ. However, the boost factor is twenty times
smaller than for the positron fraction. This can be understood from the
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facts that the boost factor is a space dependent parameter. The antiprotons
can propagate further distance than positrons.
The χ2 fits are slightly better along with massive neutralinos (see lower
pad of Fig. 4.21, Fig. 4.22 and Fig. 4.23). The background expectation al-
ready gives a good fit for the experimental data and therefore it does not
provide any interesting points preferred by WMAP. Because there is no dif-
ference in the calculated antiproton fluxes from the neutralino annihilations
especially in the low energy range. It should be noted that the results of
the χ2 fit over 13 data points are not affected by the uncertainties of the
secondary antiproton production.
Some representive examples are shown in Fig. 4.24, for focus, co-annihilation
and rapid funnel region. The χ2/ndf reduces to 4/12 and its probability in-
creases upto 98% especially in the focus point region where the dominant
annihilations are into W+W−, Z0Z0 and tt¯.
It is also possible to produce high energy antiprotons from annihilation
of massive neutralino pairs in the rapid funnel bands (see Fig. 4.24 bottom
pads). The measurement of the antiproton flux at energies above a few GeV
might therefore permit to investigate possible dark matter annihilations.
Uncertainties regarding the secondary antiproton production threshold ef-
fects and solar modulation effects are neglectible in this energy region.
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Figure 4.21: χ2 (upper-left) and boost factor (upper-right) contours in the
the (m0, m1/2) parameter space for low tanβ = 10. The black stripped points
on the upper pads are compatibile with the relic density constraint. For the
sake of complete χ2 scan, the full (m0, m1/2) space are taken into account
to compute the signal effect on the antiproton fluxes and the results of the
χ2 (13-1=12 degrees of freedom) minimization are shown in the (m0, m1/2)
space and as a function of neutralino mass satisfying the relic abundance at
the same time (lower).
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Figure 4.22: As in Fig. 4.21, but now for tanβ = 30.
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Figure 4.23: As in Fig. 4.21, but now for tanβ = 52.
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Figure 4.24: Antiproton fluxes as a function of kinetic energy in the
mSUGRA models. The data points show the combined data set between
200 MeV and 50 GeV. The antiproton background is shown as solid (black)
line and the dash (red) line shows the contribution from neutralino anni-
hilations. The dash-dot (blue) line shows the combination of background
and dark matter signals optimized by χ2 minimization. (upper-left: focus
point at tanβ = 10, upper-right : focus point at tanβ = 30, lower-left: co-
annihilation point at tanβ = 50 and lower-right: rapid funnel point at tanβ
= 52)
152
4.5.3 Neutralino Annihilation to Diffuse Gamma rays
The diffuse gamma-rays spectrum from neutralino annihilation originates
from the production of fermions, gauge bosons and Higgs bosons. Both
gauge bosons and Higgs bosons eventually decay into fermions and the
hadronization of quarks can produce gamma rays in addition to radiative
processes. The main channel of production of gamma rays goes through the
production and subsequent decay of neutral pions. In case of the production
of τ leptons, their semi-hadronic decays to neutral pions can further con-
tribute to gamma rays. These processes are simulated using a Monte Carlo
simulation with PYTHIA tabulated in the DarkSUSY package.
Comparision with recent data
The EGRET data [159] are used in the energy range from 30 MeV to 10 GeV
for the inner sky region 3. The statistical errors on the EGRET data points
are very small compared with the systematic error since the selected region
has a large solid angle. In this analysis, the systematic error is conservatively
adopted to a range of ±15%[160].
To fit the shape of the diffuse gamma-rays flux, the χ2 minimization has
been performed similar as in the case of positron fraction and protons:
χ2 =
∑
i
(
ΦiBG(γ) − ΦiExp.(γ)
σi
)2
, (4.60)
For background and combined with SUSY signals:
χ2 =
∑
i
(
ΦiBG(γ) + BF · ΦiSUSY (γ) − ΦiExp.(γ)
σi
)2
(4.61)
Here, ΦBG(γ) is the total sum of Bremsstrahlung, inverse Compton scattering
and pi0 contributions. The extragalactic background is not included because
its derivation relies on modelling foregrounds that are not firmly established.
Its overall intensity varies about 50% depending on the choice of model [158].
Fig. 4.25, Fig. 4.26 and Fig. 4.27 show the boost factor and the χ2
fits over 10 data points in the (m0,m1/2) plane and as a function of the
neutralino mass for different tanβ = 10, 30 and 52 respectively.
The χ2 minimization clearly indicates a preference towards lower neu-
tralino mass located in the bulk and the focus point regions contrary to the
antiproton analysis. Without considering any constraint, diffuse gamma-
ray data can be explained with a neutralino mass of 60 GeV unless tanβ is
higher than 50 as shown in each χ2 distribution at given tanβ. The Higgs
and BR(b → sγ) constraints exclude the entire bulk region for tanβ upto 50.
3longitude: 300◦ < l < 60◦, latitude: |b| < 10◦ except of the Galactic Center
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Therefore, the focus point region is left as a viable region in the (m0,m1/2)
plane especially the low m1/2 region. When the relic density constraint is
imposed, the focus point region shrinks along the correct relic density band.
It generates two χ2 minima where the neutralino weighs around 80 and 170
GeV. It should also be noted that the gamma-ray spectra in the WMAP
preferred region are very similar even if the annihilation ratio is dominated
by W+W−, bb¯ or tt¯.
Compared with positrons and antiprotons, the generated gamma-ray
fluxes need much large boost factors because the used dark matter density
is based on the isothermal profile althoguh it is believed that the halo profile
should be more dense and cuspy as approaching inner Galaxy region.
Some representive examples are shown in Fig. 4.28 only for the focus
point region. The examples are illustrated as increasing tanβ from 10 to
52, whereas other relevant parameters are fixed. Each point satisfies various
constraints concerning Higgs bosons, b → sγ constraint at high tanβ and
WMAP bounds as well. Fig. 4.28 also shows that increasing tanβ further
reduces the boost factors significantly because the annihilation into bb¯ be-
comes a sub-dominant channel. It should be noted that for low tanβ = 5,
mt = 172.5 GeV and A0 = 0 these viable focus points are entirely excluded
due to Higgs bosons with a lower mass limit of 111.4 GeV.
In the same way as for antiprotons, the χ2 fits are performed for standard
background combined with dark matter contributions. The corresponding
χ2/ndf reduces to 11/9 and its probability increases upto 29% especially in
the focus point region where the dominant annihilations are into W +W−
with bb¯ as increasing tanβ.
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Figure 4.25: Neutralino annihilations to diffuse γ-ray for low tanβ = 10.
The black stripped points on the upper pads are compatibile with the relic
density constraint. For the sake of complete χ2 scan, the full (m0, m1/2)
space are taken into account and the results of the χ2 (10-1=9 degrees of
freedom) minimization are shown in the (m0, m1/2) space and as a function
of neutralino mass satisfying the relic abundance at the same time (lower).
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Figure 4.26: As in Fig. 4.25, but now for tanβ = 30.
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Figure 4.27: As in Fig. 4.25, but now for tanβ = 52.
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Figure 4.28: Diffuse gamma-ray specta from neutralino annihilation in
mSUGRA models. The spectra of the gamma rays are multiplied by E2γ .
The background is shown as solid (black) line and the dash (red) line shows
the contribution from neutralino annihilations. The dash-dot (blue) line
shows the combination of background and dark matter signals. (upper-left:
focus point at tanβ = 10, upper-right : focus point at tanβ = 30, lower-left:
focus point at tanβ = 50 and lower-right: focus point at tanβ = 52) The
sky region is chosen same as specified in Hunter et al. [159] and, gamma-
ray data points are extracted from the EGRET data using the GALPROP
package.
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4.6 Combined Fits to CR e+, p¯ and γ-ray Data
As shown in the previous section, the best fit to positron fraction resides in
the focus point region with a neutralino mass of 90 GeV and the spectral
distribution of the gamma rays favors a neutralino mass of 80 GeV under
various contraints. Although the antiproton flux cannot provide a decisive
evidence in establishing the existence of the neutralino dark matter, it is a
valuable input for the normalization of the spectra. In this section, simul-
taneous χ2 fits are performed using all three cosmic ray fluxes.
4.6.1 Simultaneous χ2 Fits
The χ2 minimization has been performed using the sum of Eq. 4.55, Eq. 4.58
and Eq. 4.60. The overall χ2 fits include only three free parameters to
enhance the signals of positrons, antiprotons and gamma rays independently
as,
χ2comb. =
∑
i
χ2i (BFe+) +
∑
j
χ2j (BFp¯) +
∑
k
χ2k(BFγ) . (4.62)
The overall χ2 from the combination of positron, antiproton and gamma-ray
data is 108.1 for 33 degrees of freedom and its probability corresponds to
1.5 ·10−11.
A scan was performed on the (m0,m1/2) plane as shown in Fig. 4.29. It
shows that the combined χ2 fits of positrons, antiprotons and gamma rays
for increasing tanβ = 10, 20, 30, 40, 50 and 52. The best fit points are near
the border of the radiative electroweak symmetry breaking excluded region
and the co-annihilation region. The stringent constraint of the relic density
from the WMAP combined with 2dFGRS is drawn within the 2σ range as
black strip bands on each figure. It can be seen that the relic density bounds
always overlapp with the χ2 minimum bands unless tanβ is higher than 50.
For tanβ ≥ 35, the overlap region is also favored by the measurement of
(gµ − 2).
As increasing tanβ, the predicted branching ratio for b → sγ gives a
sizable constraint on the low m1/2 in the co-annihilation region. It excludes
a significant portion in the low (m0, m1/2) parameter space decreasing the
co-annihilation point region. On the contary, the favored region by the
measurement of (gµ − 2) expands towards larger values of m0 and m1/2
as increasing tanβ. For 10 ≤ tanβ ≤ 20, the co-annihilation points also
coincide with low χ2 bands but the values of χ2 deviate above 4 σ if the
WMAP constraint is imposed.
The most important annihilation channels to the χ2 minimization corre-
spond to W+W− and tt¯. Where the m1/2 parameter is grater than 400 GeV,
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the branching ratio of annihilations into tt¯ pairs becomes the largest contri-
bution via Z exchange due to the large higgsino component of the neturalino
LSPs. Similarly to the rapid funnel region at high tanβ, the contribution of
bb¯ final states is increasing through A exchange which is strongly enhanced
at large tanβ and greatly reduces the W+W− and tt¯ contributions.
The contours of boost factor are shown in Fig. 4.30. Only the boost
factor for positron signals is displayed in the (m0, m1/2) plane because its
general shape is identical for antiprotons or gamma rays. For high tanβ,
the boost factor of positrons reduces to a reasonable value of less than a few
hundreds.
4.6.2 Results and Interpretation
The χ2 minimization of combined positron, antiproton and diffuse gamma-
ray spectra point out a specific neutralino dark matter scenario. The most
preferred SUSY parameter space belongs to the focus point region. If the
relic density constraint is imposed on the same plane, the best-fit points
exactly lie on the same overlap region where the lightest neutralino is a
mixed gaugino and higgsino particle with a higgsino fraction of 0.3. It
indicates that the CR positrons, antiprotons and gamma rays give a tight
constraint on the mSUGRA parameter space.
As shown in Fig. 4.31, a numerical χ2 minimization shows the common
minimum value for the neutralino mass m
χ˜0
1
' 90 GeV with a χ2 of 26.8 for
33 degrees of freedom, which corresponds to a probability of 76.8% indicating
a good agreement. For different values of tanβ, the combined χ2 fits favor the
neutralino mass weighing between 80 GeV and 120 GeV. This shows that
the choice of tanβ is critical to constrain the mSUGRA parameter space
with CR fluxes. In particular, the χ2 graph shows the threshold effects at
a neutralino mass of 80 GeV and 170 GeV. These two points correspond to
m
χ˜0
1
' mW± and mχ˜0
1
' mt respectively. Beyond mχ˜0
1
> mt, the curves
of χ2 start increasing because the positron spectrum becomes soften.
Fig. 4.32 shows the positron fraction, antiproton and gamma-ray spectra
at a benchmark point in the focus point region. In order to reflect (gµ − 2)
constraint, tanβ = 40 is specially chosen. The relevant common parameters
are set for A0 = 0, mt = 172.5 GeV and sign(µ) = +1. The shape of the
positron flux generates a sharp bump around 40 GeV, corresponding to the
positron’s kinetic energy of m
χ˜0
1
/2, from the neutralino annihilations dom-
inated by W+W− (66%) and bb¯ (20%). The corresponding antiproton flux
reproduces the mild excess of data in the low energy range. The GeV excess
of the diffuse gamma-ray spectrum is obtained from the same neutralino
pair annihilation.
Nevertheless the signals derived from a smooth dark matter profile with
density ρ0 = 0.3GeV/cm
3 must be enhanced to obtain the correct spectral
160
Figure 4.29: Combined χ2 fit contours for tanβ = 10, 20, 30, 40, 50 and
52 in the (m0, m1/2) plane. The combined CR data prefers the focus point
region near the boundary of viable electroweak symmetry breaking and the
universal scalar mass m0 > 1 TeV.
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Figure 4.30: Boost factor contours for the combined χ2 fits at tanβ = 10, 20,
30, 40, 50 and 52 in the (m0, m1/2) plane. The boost factor contours corre-
spond to the positron flux enhancements from the neutralino annihilations
and the black bands show the WMAP allowed region. Along the WMAP
slope, low values of the boost factor are favored and become further smaller
with increasing tanβ.
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Figure 4.31: Combined χ2 distribution as a function of a neutralino mass for
different tanβ in the focus point region. The red-color points are compatible
with a gµ − 2 constraint in addition to the decay b → sγ, higgs mass and
the relic density imposed by WMAP3+2dFGRS within 2 σ. As a distinctive
feature, the χ2 distribution indicates the threshold effects at mχ0
1
' 80 GeV
and mχ0
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' 170 GeV which are corresponding to mW± and mt respectively.
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Figure 4.32: Positron fraction, antiproton and diffuse gamma-ray spectra
at one benchmark point in the focus point region. The contours of the χ2
fits using the combined CR data is displayed with relic density and other
constraints in the (m0,m1/2) plane (upper-left). Within 2 σ contours, the
best benchmark point (see a circle point in the focus point region) is selected
using the combination of b → sγ and gµ − 2 constraints in addition to the
relic density. The corresponding positron fraction (upper-right), antipro-
ton (lower-left) and gamma-ray (lower-right) spectra are obtained from the
mSUGRA parameter space of (m0, m1/2) = (1520.0, 260.0) with common
setting of A0 = 0, mt = 172.5 GeV and sign(µ) = +1 at tanβ = 40. At
this point, the neutralino mass is 91 GeV and the overall χ2 is reduced from
127 to 27 for 33 degrees of freedom. The obtained boost factors allow to
estimate the significance of the signals.
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features by assuming a boost factor BFe+ = 86 for positrons, BFp¯ = 1 for
antiprotons and BFγ = 323 for gamma-rays. From the general view point of
CR propagation models, the positrons continually lose energy along the way
in the galactic magnetic field and they can reach our experiments only if they
originate within a few kpc (see Fig. 3.7). The observed positron fraction data
shows a large portion of positrons at higher energy where the solar modula-
tion is negligible. This can be understood if the density profile of the dark
matter halo in the Milky Way is clumpy instead of isothermal profile. The
production of neutralino induced positrons depends on (ρ(~x)/mχ)
2 as given
in Eq. 4.50. Unfortunately ρ(~x) is poorly constrained by the present obser-
vational data. In case of a small clump scenario, it is possible to increase
the local density without increasing the total halo density [161]. However,
antiprotons need a small boost factor because they can propagate long dis-
tances compared with positrons. The gamma ray flux depends on the inner
structure of the halo profile and therefore it can be greatly enhanced for a
cuspy profile instead of conservative isothermal profile.
Table 4.2 lists the sparticle spectrum at the best-fit points calculated
with the latest release of ISAJET 7.74 generator 4. In addition, it includes
the value of relic density, the supersymmetric contribution to gµ − 2 and
to ∆ρSUSY, b → sγ and Bs → µ+µ− decay rates calculated by using the
micrOMEGAs codes interfaced with ISAJET. The results of the relic density,
the SUSY contribution to b → sγ decay rate and the anomalogous magnetic
moment of the muon agree well with outputs of DarkSUSY.
In the focus point region, the squarks and sleptons are very heavy at
large values of the scalar mass m0. Except of the lightest Higgs boson,
the scalar masses are in the multi-TeV range as shown in table 4.2. In
the higher m1/2 region, the masses of the lightest chargino and the two
next-to-lightest neutralinos are close to that of the LSP, contributing as
well to the suppression of the low relic density through co-annihilations.
The search for sparticles is a prime objective of the LHC and its strategy
is based on the detection of gluino or squark cascade decay products such
as multiple jets, leptons and large transverse missing energy due to the
stable LSP. An interesting channel in the focus point region is the use of
the mass splitting between the two next-to-lightest neutralinos and the LSP.
Since the χ˜02 can decay through a real or virtual Z
0: χ˜02 → l±l∓χ˜01 and this
decay channel produce the opposite same flavor dilepton events in the final
state. It is already known that the endpoint of the dilepton invariant mass
distribution contains information about the neutralino masses. Likewise the
trilepton signal is also promising from reactions such as χ˜±1 χ˜
0
1 production
and subsequent decays χ˜02 → l±l∓χ˜01 and χ˜±1 → l±ν¯lχ˜01 [162].
The combined CR fluxes are also greatly sensitive to the gaugino-higgsino
4The bug in the sbottom mixing angle affecting in the calculation of pseudoscalr Higgs
via the RGEs was recently solved.
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mixing of the neutralino. As indicated at the end of table 4.2, the higgsino
fraction of the lightest neutralino is large, so that an enhancement of neu-
tralino pair annihilations into gauge bosons is observed.
Lastly, it shoud be noted that the best-fit points in the focus point region
are extremely sensitive to the top quark mass as shown in Fig. 4.33. In case
of low tanβ and light mt, there is no difference in the χ
2 distribution. On
the other hand, for heavy mt, the focus point region is not available unless
m0 is larger than 3 TeV. At high tanβ and light mt, the annihilation into bb¯,
through the enhanced couplings of the pseudoscalar Higgs exchange, is more
efficient and reduces the relic density to the WMAP range and vice-versa.
Therefore the χ2 minimum shifts from low neutralino mass to the higher
values where the effective annihilation is tt¯ in addition to bb¯.
Even for the same value of mt, the predicted sparticle masses from public
supersymmetric spectrum generators give very different shape and location
of the focus point region [163].
4.6.3 Outlook
An analysis of the current CR data based on the mSUGRA frameworks
gives a best fit on the light neutralino mass in the focus point region. This
region also produces a relic abundance compatible with WMAP3 and the
2dFGRS within 2σ. The positive SUSY contribution to rare decays of b→
sγ and gµ − 2 are also agreement with experimental data. If the primary
positrons, antiprotons and continuum gamma rays are generated by light
neutralinos, indirect detection via space-based experiments such as GLAST
and AMS-02 are especially promising. Also, the direct dark matter detection
concentrating on the WMAP allowed region in the focus point region has a
bright prospect.
The gamma rays from the neutralino annihilations propagate in straight
paths without any absorption and therefore their measurment by the GLAST
experiment [90] will provide a powerful tool to put constraints on the inner
structure of the halo model, since the fluxes along a particular line of sight
would be enhanced by clumps. In the near future, the sensitivity of the
direct dark matter detection experiments such as CDMS II or Xenon10 will
likely allow a detection of a light neutralino in the focus point region.
The AMS-02 experiment, onboard the ISS with a large acceptance of 0.5
m2 · sr, an angular resolution on the order of arcminutes and three years
exposure times, will provide exceptional precision in the measured spectra
of positrons, antiprotons as well as gamma rays up to energies of several
hundred GeV. Its future data will greatly reduce the uncertainties in the
background determination to an unprecedented level of accuracy and the
prospects for indirect detection of dark matter from the CR spectra will be
considerably enhanced.
Fig. 4.34 shows the expectation for the measured positron fraction of the
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χ2 (n.d.f = 33) 26 27 28
Sparticle [GeV] tanβ = 10 tanβ = 30 tanβ = 48
(m0,m1/2) (2000.0 260.0) (1540.0 260.0) (1470.0 260.0)
m(χ˜01) 87.2 91.0 93.0
m(χ˜02) 139.5 141.0 143.5
m(χ˜03) 163.1 167.5 172.8
m(χ˜04) 261.5 258.2 259.0
m(χ˜±1 ) 125.5 131.0 135.3
m(χ˜±2 ) 255.7 253.7 254.9
m(g˜) 726.1 710.0 706.9
m(h) 113.9 113.7 113.3
m(H) 1993.9 1316.0 746.7
m(A) 1980.8 1307.4 741.8
m(H±) 1995.5 1318.7 752.0
m(ν˜e) 2002.1 1544.8 1475.6
m(ν˜µ) 2002.1 1544.8 1475.6
m(ν˜τ ) 1994.0 1485.7 1316.6
m(e˜L) 2003.2 1546.7 1477.8
m(e˜R) 2000.4 1541.8 1472.0
m(µ˜L) 2003.2 1546.7 1477.8
m(µ˜R) 2000.4 1541.8 1472.0
m(τ˜1) 1983.7 1420.7 974.8
m(τ˜2) 1994.7 1487.4 1157.3
m(u˜L) 2049.8 1617.6 1554.0
m(u˜R) 2053.5 1617.8 1553.4
m(d˜L) 2051.4 1619.6 1556.1
m(d˜R) 2054.5 1618.5 1554.1
m(s˜L) 2051.4 1619.6 1556.1
m(s˜R) 2054.5 1618.5 1554.1
m(c˜L) 2049.8 1617.6 1554.0
m(c˜R) 2053.5 1617.8 1553.4
m(t˜1) 1238.5 1005.9 974.8
m(t˜2) 1703.9 1302.5 1157.3
m(b˜1) 1693.7 1289.6 1140.3
m(b˜2) 2035.4 1505.1 1268.7
Gaugino Fraction(fG) 0.62 0.66 0.70
Ω
χ˜0
1
h2 9.26E-02 0.98E-01 9.66E-02
∆ρSUSY 4.13E-05 5.54E-05 7.21E-05
δaµ 8.52E-11 5.27E-10 9.51E-10
BR(b→ sγ) 3.66E-04 3.34E-04 2.96E-04
BR(Bs → µ+µ−) 3.12E-9 2.99E-9 2.89E-9
Table 4.2: SUSY particle spectrum in the mSUGRA models for A0 = 0,
sign(µ) = +1, mt = 172.5 GeV
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AMS-02 after three years operation. The error bar is estimated from the
proton, antiproton and electron background rejection factors as a function of
positron kinetic energy using combined AMS-02 TRD and ECAL acceptance
of 0.08 m2 ·sr. Also taken into account is the track finding efficiency and the
effect of geomagnetic cutoff. The e+ / (p or e−) rejection factor is estimated
to 105∼6 [164].
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Figure 4.34: AMS-02 expectation of the positron fraction after three years
operation on the ISS. The error bar considers a positron identification
and proton, antiproton and electron background rejection as a function of
positron kinetic energy with an average acceptance of 0.08 m2 ·sr. The track
finding efficiency is assumed to be 0.9 and the effect of geomagnetic effect
cutoff is also included.
To disentangle various neutralino LSP scenarios, a statistical χ2 analysis
including all relevant experimental data is performed. To study the AMS-
02 sensitivity, all mSUGRA parameters were fixed to the values as given in
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Fig. 4.34 but the neutralino mass which is equivalent to a variation of m1/2.
The corresponding χ2 variation is shown in Fig. 4.35. The previous two χ2
minima as shown in Fig. 4.33 coming from mainly annihilating into W +W−
and tt¯ have disappeared. For comparison, the 2006 launched satellite-borne
PAMELA 5 [165] and the upcoming balloon-borne PEBS [166] experiments
are also displayed. A pure bino-like LSP annihilating into bb¯ and τ+τ−
pairs as in the co-annihilation and the funnel region exceeds the χ2 mini-
mum by four orders of magnitude. The sensitivity of the focus region at the
LHC is much suppressed due to heavy squark spectrum. However, antimat-
ter seaches from the neutralino annihilations will complement probing this
region especially by the accurate positron measurement of AMS-02.
5PAMELA is mounted on the Resurs DK1 satellite that was launched on June 15th
2006.
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Figure 4.35: A possible entanglement of neutralino LSP scenarios from the
AMS-02 positron measurement with other satellite-borne PAMELA [165]
and balloon-borne PEBS [166] missions. The projected ∆χ2 from the fitted
minimum, as a function of neutralino mass and a function of confidence
level, is specific to the focus point region where the neutralino is a mixed
higgsino like LSP. The location of the χ2 minimum yields the positron bump
at kinetic energy of m
χ˜0
1
/2 by gauge boson decays and the second minimum
corresponds to m
χ˜0
1
' mt where the positron flux becomes soften.
Chapter 5
Conclusions and Outlook
We know that the universe consists of 22% dark matter. The dark matter
particle has to be stable, non-relativistic and only weakly interacting. But
we don’t know what the dark matter is made of and how it is distributed
within our Galaxy.
Supersymmetric models predict the existence of the lightest supersym-
metric particle (LSP), which is stable if R-parity is conserved. In super-
symmetric models inspired by supergravity, the commonly accepted LSP
candidate is the lightest neutralino χ˜01 which is a neutral and weakly inter-
acting massive particle. It is a viable candidate for dark matter since the
derived relic abundance is naturally within the observed range.
Various constraints on neutralino dark matter are addressed from collider
experiments, astrophysical and cosmological observations. This includes the
most up-to-date values of high-energy mass bounds from collider searches
for Higgs bosons and SUSY particles, and low-energy high precision observ-
ables of Standard Model (SM) calculated as BR(b → sγ) = 3.70 × 10−4,
δaµ = 25.2 × 10−10, and BR(Bs → µ+µ−) = 3.5× 10−9 that are sensitive
to SUSY effects. In particular, the relic density in the universe is the most
sensitive constraint given as Ωh2 = 0.1040 0.00450.0062, and it depends on the con-
stituent of the neutralino and sfermion sector because the dominant channels
are annihilation of neutralinos into fermion pairs and gauge bosons and co-
annihilation between LSP χ˜01 and the lightest slepton τ˜1. At high tanβ
regions, the annihilation cross sections can be significantly enhanced by the
pseudoscalar Higgs resonance effect.
In general, the cosmic antiparticles are expected as secondary products of
interactions of the primary CRs with the interstellar medium during propa-
gation. While the measurements of cosmic positrons, antiprotons and diffuse
gamma rays have become more precise, the results still do not match with
the pure secondary origins. If SUSY is realized in nature, the LSP χ˜01 anni-
hilations produce as final states positrons, antiprotons and gamma-rays in
CRs.
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The comparison of the expected background of positron, antiproton and
gamma-ray fluxes with experimental data have been performed using CR
propagation models. A phenomenological study based on the mSUGRA
frameworks was carried out and showed a better interpretation of CR fluxes
including the χ˜01 annihilation in the galactic halo or center. The combined
data of positrons, antiprotons and gamma rays give a strong constraint on
the mSUGRA parameter space. The light neutralino has a mass between
80 and 120 GeV annihilating dominantly to W+W−. The most preferred
mSUGRA parameter space belongs to the focus point region. This region
also produced a dark matter abundance consistent with the WMAP3 and
the 2dFGRS data. Further, the positive SUSY contribution to rare decays
of b → sγ and gµ − 2 are also compatible. This result might be considered
as first evidence of a neutralino dark matter scenario.
However, future experiments have to provide measurements of CRs with
higher precision. This will be done by the upcoming experiments such as
GLAST and AMS-02.
AMS-02 will be the major particle physics experiment on the ISS and
will make a profound impact on our knowledge of high energy CRs with
unprecedented accuracy. It will extend our knowledge on CR origins, accel-
eration and propagation mechanisms. Especially, the measurement of the
positron flux may be the most promising for the detection of the neutralino
dark matter, since the predicted positron flux is less sensitive to the astro-
physical parameters responsible for the propagation and the dark matter
halo profile [167].
The AMS-02 TRD is designed to provide a positron separation from the
proton background with high efficiency in the momentum range of 1 GeV/c
≤ p ≤ 300 GeV/c. It consists of 20 layers of straw modules, proportional
counters using Xe/CO2 gas mixtures, interleaved with fleece radiators sup-
ported in a conical octagon structure. Major design constraints arise from
operating it in a space environment with limited power resources.
The TRD readout system is divided into 82 front-end electronic cir-
cuits and two pairs of crate electronics and power distribution boxes. A
front-end board employs a 64 channel charge sensitive amplifier, shaper and
multiplexer based on low noise and low power with high dynamic range.
In addition, it contains an analog-digital-converter, calibration, hybrid con-
trol and logic circuits. The shaper has a peaking time of 2.4 µs and the
gain has a linear range of 2000 fC, corresponding to 50 MIPs signals at
nominal operations. Its gain uniformity is better than 1%. At the normal
2 kHz trigger rate, the noise level is less than 4000 e− rms and the total
power consumption is only 16.60 W. The front-end electronics has been de-
veloped and constructed to meet requirements of space qualification issued
by NASA. Results of functional tests during a series of space qualification
tests have been presented and the TRD performance has been investigated
using a testbeam at CERN. All of the flight frond-end boards are produced
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and passed the EMI, vibration and thermal vacuum tests without any fail-
ure. Now, they are integrated with straw module detector on the octagon
support structure and are ready to be tested with cosmic muons in 2007.
All AMS sub-detectors will be delivered to CERN in 2007 for the detec-
tor integration. The fully assembled AMS-02 detector will be tested with
high energy beams at CERN. Afterwards a space qualification test will be
performed using a large space simulator at ESA-ESTEC. After space qual-
ification tests, it will be delivered to NASA-KSC to prepare for the launch
with a space shuttle. The launch and installation of the AMS-02 detector
on ISS is scheduled for 2009.
Now, we are on the threshold of a new and exciting era of unexpected
discoveries at the frontiers of astroparticle physics.
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